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ABSTRACT OF DISSERTATION

PREDICTING TOMORROW: OPTIMIZING THE EARLY DETECTION OF DISEASE
AND DISEASE RECOVERY IN DAIRY CALVES USING PRECISION
TECHNOLOGIES
The leading causes of morbidity and mortality in preweaned dairy calves are diarrhea and
bovine respiratory disease (BRD). The delayed detection of these diseases in calves can
also delay intervention and disease recovery. The overarching objective of this
dissertation was to follow a cohort of calves daily for the first 90 days of life for naturally
occurring clinical BRD bouts and diarrheal bouts. The objective answered if feeding
behaviors and activity levels were different in at-risk calves during BRD development
and BRD recovery from an antimicrobial intervention. Furthermore, the potential of
colostrum replacer as a feeding intervention strategy to ameliorate disease bouts and
improve performance in calves was explored. Thus, the objective of the first study was to
investigate the relationship between feeding behavioral patterns and activity levels in
preweaned calves for the five days before clinical BRD diagnosis using precision
technologies to document these behaviors. Next, we investigated if dairy calves presented
different behavioral responses after antimicrobial intervention for BRD depending on the
outcome of the treatment (recovered or relapsed). Finally, we assessed if providing an
early intervention of colostrum replacer to at-risk calves (e.g., at-risk by algorithm
classification) could ameliorate disease bouts (e.g., diarrhea and BRD). A cohort of
socially housed, Holstein calves born on one research facility (n=120) were health-scored
daily from birth to 90 days of age (e.g., 14 days after weaning). Calves were fed by
automated feeders which recorded daily milk and calf starter intakes, drinking speed,
rewarded and unrewarded visits. All calves wore a commercial pedometer (IceQube,
IceRobotics, Scotland) on their left rear leg. The pedometer recorded daily activity levels
(lying time, lying bouts, step count, and an index based on rate of acceleration and step
count). Prior to a BRD bout, destined-to-be-sick calves had negative relative changes in
their calf starter intakes, and treatment day interacted with BRD status for relative
changes in unrewarded visits to the feeder, step count, and the activity index. For BRD
calves at-risk for relapse, there were lower starter intakes and lower unrewarded visits
compared to recovered calves. Furthermore, within the 10-days after antimicrobial
intervention, relapsed calves had lower activity levels compared to recovered calves.
Colostrum intervention ameliorated the likelihood of a BRD bout, but not diarrhea,
without affecting performance in dairy calves. These results suggest that in calves,
negative relative changes in starter intake, and decreased step counts may be powerful
indicators of BRD and recovery status. Colostrum intervention may also ameliorate BRD
bouts in calves.
KEYWORDS: automated feeder, Bovine Respiratory Disease, calf health, colostrum,
diarrhea, lying behavior
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CHAPTER 1. LITERATURE REVIEW: DIARRHEA, BOVINE RESPIRATORY DISEASE AND
PRECISION DAIRY TECHNOLOGY DEVICES : OPPORTUNITIES FOR DAIRY CALF
MANAGEMENT

Introduction
Diarrhea and bovine respiratory disease (BRD) are significant causes of morbidity
in calves and are the leading causes of mortality in dairy calf operations (USDA, 2018).
Mitigating disease in calves may increase farm efficiency and improve calf welfare.
According to a national producer survey, diarrhea and BRD affected 33% of preweaned
dairy calves, with a high majority of affected calves receiving antibiotics [diarrhea 76%
and BRD 95% (USDA, 2018)]. The treatment and labor associated with managing BRD
was estimated to cost $42 per calf (Dubrovsky et al., 2020), while treatment for diarrhea
was estimated to cost a median of $56 per calf (Goodell et al., 2012). Thus, the cost of
BRD and diarrheal treatment have economic implications on farm, especially since the
preweaning period is a major investment for the dairy farm (Hawkins et al., 2019).
Economic costs aside, diarrhea and BRD compromise calf welfare. These diseases are
metabolically demanding (Pardon et al., 2013), and there are long-term effects of disease
on calf survival and future productivity (Buczinski et al., 2021). Furthermore, BRD
calves often relapse from the initial antimicrobial intervention which extends disease
duration (Welling et al., 2020). It is fundamental to investigate methods to improve the
detection of BRD and diarrheal bouts, classify recovery status, and investigate the
potential of interventions to ameliorate disease bouts in preweaned calves. Exploring
these avenues may improve a calf’s affective state by using early interventions to
decrease disease duration (Binversie et al., 2020) and mitigate the negative effects of
disease on calf productivity (Buczinski et al., 2021).
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Sickness behavior indicates a motivational state that is activated (i.e. by
prostaglandin secretion) in conjunction with the febrile response associated with disease
in mammals (Hart and Hart, 2019). For dairy calves, sickness behaviors have been
passively captured by precision dairy technology devices (PDT). The most researched
PDT available for calf management is the automated feeder, which captures feeding
behavior, and accelerometers, which capture locomotory activity as reviewed by Costa et
al., 2020. However, there are a myriad of PDT options already available and many more
in development, as reviewed by Costa et al., 2020. One major benefit of PDT is that
mammals typically exhibit sickness behaviors a few days prior to clinical detection of
disease (Dantzer and Kelley, 2007). This delay between sickness behavior and the
presence of clinical symptoms associated with a disease provides a window of
opportunity for earlier intervention. Moreover, it is fundamental to implement
antimicrobial intervention earlier to increase the likelihood of achieving recovery status,
especially for BRD bouts in calves (Binversie et al., 2020). This is important beyond
improving the calf’s welfare, there is also consumer pressure on the dairy industry to
judiciously limit the use of antimicrobials, or eliminate their use altogether (Wemette et
al., 2021). This consumer pressure is potentially linked to antimicrobial resistance, which
has been observed on dairy calf operations (Langford et al., 2003). This process between
consumer and government policy has led to the adoption of strict antimicrobial
regulations for managing dairy calves in other countries (Johnsen et al., 2021).
Furthermore, it is imperative to reduce antimicrobial resistance in calves to ensure
antimicrobials remain effective for future generations. Thus, the development of
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strategies to reduce antimicrobial use are fundamental for the sustainability of the dairy
industry in North America.
Indeed, the adoption of such strict antimicrobial practices in other countries often
occurs at the same time as animal welfare recommendations are enforced by government
policy (Johnsen et al., 2021). The promotion of dairy calf welfare is essential and it is a
key component of making an animal’s life worth living (Mellor, 2016). Since disease is a
challenging welfare problem for the dairy industry, additional methods should be
explored to detect behavioral indicators of sickness in calves. This would improve calf
welfare by detecting disease earlier to potentially explore non-antimicrobial alternatives
(i.e., intervention strategies). This would lower the dependence on antimicrobial therapies
for managing calves, improving the sustainability of the dairy industry.
One potential early intervention strategy is the use of nutraceuticals to ameliorate
disease bouts in calves. Nutraceuticals, such as bovine colostrum, are thought to have
positive effects on physiological status and health outcomes (Cantor et al., 2021). Bovine
colostrum and lactoferrin are the most widely researched nutraceuticals in human
medicine due to the diverse, positive health outcomes observed (Francesco et al., 2016).
Indeed, feeding bovine colostrum to animals turned off the expression of genes
associated with necrosis during induced colitis in mice (Menchetti et al., 2020), lowered
the duration of pneumonia in juvenile racehorses (Fenger et al., 2016), and lowered the
incidence of diarrhea and use of antimicrobial treatments in calves (Berge et al., 2009 a)
when compared to controls. This suggests that preventative feeding of bovine colostrum
may serve as a preventative disease therapy in mammals. However, the potential of
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bovine colostrum as an early intervention strategy for calves already at-risk for disease
(e.g., expressing sickness behavior) has yet to be explored.
This literature review has two objectives, first, introduce that diarrhea and BRD
are challenging diseases for dairy calves while exploring the potential of an early
intervention strategy to ameliorate disease. Second, comprehensively review the potential
of PDT research to detect behaviors associated with the development of disease in dairy
calves. The specific perspective of this literature review is to first, highlight the welfare
challenges and industry sustainability issues associated with the high prevalence of
diarrhea and BRD bouts in calves. Since antimicrobial resistance is a sustainability issue,
what is currently known about recovery status in BRD cattle in relation to recent
antimicrobial treatments is also addressed. Then, a comprehensive evaluation of the
potential for colostrum as a nutraceutical to ameliorate disease is reviewed. Finally, a
comprehensive literature review covers the potential for PDT to identify disease
development in calves. Where possible, gaps in the literature for future research are
mentioned.

Diarrhea, Bovine Respiratory Disease (BRD) and BRD recovery status in
preweaned daily calves, what do we know?
Dairy calves are commonly removed from the dam and raised artificially around
the world. Calves are housed either individually, in pairs, or in groups, but individual
housing is most common. According to dairy producer reported surveys, 60% of farms
raise pre-weaned calves in individual housing in western and central Europe (Marcé et
al., 2010), 63% in the United States (USDA, 2018), 88% in Quebec, (Vasseur et al.,
2010), and 70% in Southern Brazil (Hötzel et al., 2014). Individual housing for pre6

weaned dairy calves was designed to limit or prevent direct contact between calves. This
limited contact provides the calf’s immune system time to develop immunocompetence
(Cortese, 2009). Moreover, calves are especially susceptible to pathogenic diarrhea
during the first 21 days of life (Cho and Yoon, 2014), and susceptibility to BRD can last
as long as 90 days (Griffin et al., 2010). Thus, individual housing was argued as
beneficial to promote the biological functioning of the calf since it minimizes the
horizontal spread of disease (McGuirk and Peek, 2014). However, despite these claims,
disease prevalence is high in dairy calves (USDA, 2018). Moreover, researchers observed
that pair housing (Mahendran et al., 2021) and managing calves in social groups less than
ten calves does not increase disease risk (Svensson and Liberg, 2006). This is due to the
complexity of disease, and management factors on farm.
There are multiple management factors associated with disease likelihood on dairy
farms and these are extensively covered in the literature. Briefly, feeding variables can
affect the prevalence of disease in calf barns such as poor rates of passive transfer of
immunity in the maternal colostrum as reviewed by Raboisson et al., 2016, inadequate
milk feeding strategies and or abrupt weaning as reviewed by Palcynski et al., 2020 and
the presence or absence of feed additives such as probiotics as reviewed by Camiloti et
al., 2012. Passive transfer of immunity occurs when a calf is fed colostrum containing at
least 150 g of immunoglobulins shortly after birth (Henderiana, 2009). Once born, a
calf’s small intestine is capable of absorbing immunoglobulins from colostrum passively;
however, as soon as anything is ingested, and as time passes after birth, the small
intestinal junctions commence closure (Henderiana, 2009). The achievement of
appropriate passive immunity positively impacts a calf’s likelihood of recurrent disease,
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survival, and future productivity on a farm (Raboisson et al., 2016). Moreover, passive
transfer rates in calves were improved on farms when benchmarking tools were
implemented to motivate producers (Atkinson et al., 2017). This evidence suggests that
passive transfer of immunity in calves can be positively affected by management factors,
consequently improving calf welfare. In fact, passive immunity has such profound effects
on a calf’s biological functioning that calves who failed were observed to have a greater
likelihood of morbidity and mortality during the first lactation; hence, it is recommended
by veterinary epidemiologists to achieve herd passive transfer rates of 80 to 90 % to
promote herd immunity (Shivley et al., 2018a). According to the most recent assessment,
United States dairy producers were achieving passive transfer rates within this range
(Shivley et al., 2018a), though an Australian survey suggested passive immunity was
lower at 70% (Cuttance et al., 2017). However, the American survey was only performed
on heifer calves, and evidence on veal farms suggests that the prevalence of passive
immunity is much lower for bull calves (Hulbert and Moisá, 2016). Thus, from a welfare
perspective, dairy herds should strive to improve passive immunity rates on their dairy
farms to improve the biological functioning of calves and to decrease the number of
calves experiencing disease. For sustainability, dairy farms should also increase passive
transfer rates on farm to lower their loss of replacement heifers and decrease their
reliance on antimicrobials.
There are also environmental factors affecting disease likelihood in calves. These
environmental factors include poor housing design such as infrequent maternity barn
cleaning and low air exchanges per hour in the housing as reviewed by Ollivett, 2020.
Furthermore, the most well-established environmental factors affecting calf health are
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temperature and humidity as neonatal calves are susceptible to temperature extremes due
to a low body surface area and minimal body fat reserves (Smith et al., 2020). There is
also evidence which suggests that stress can affect disease likelihood in calves. For
example, the performance of painful procedures without analgesics such as dehorning or
castration as reviewed by Costa et al., 2019, may be associated with increasing the
prevalence of BRD in cattle (Pardon et al., 2015). It is also suggested that social isolation,
which occurs in individually housed dairy calves, may be a factor indirectly affecting
susceptibility to stress. Calves are naturally gregarious, and calves are highly motivated
to access peers, it is possible that social isolation may create less resilience to stress as
reviewed by Cantor et al., 2019. Thus, it is suggested that while individual housing was
developed with disease control in mind, there are a plethora of management factors
involved that can increase the prevalence of disease on dairy farms.
Individual housing was developed to minimize disease prevalence on farm, yet
many calves are still experiencing disease. For example, the most recent USA-wide
survey found that diarrhea has a producer reported prevalence of 21%, and was
responsible for 56% of calf deaths pre-weaning (USDA, 2018). Similarly, BRD was
reported to affect 12% of calves preweaning (USDA, 2018). Moreover, BRD is a major
contributor to calf mortality, reported to be responsible for around a quarter of calf deaths
(USDA, 2018). Another disease affecting dairy calves in North America is infection of
the umbilical cord, which can lead to sepsis (Urie et al., 2018b). While the prevalence of
umbilical infections was reported at 10%, there is a high likelihood of mortality (Urie et
al., 2018b). Furthermore, this welfare concern is largely preventable with sterilization of
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the cord shortly after birth and providing clean bedding (Mee, 2008). Thus, for the
purpose of this literature review, we will not discuss umbilical infections further.
Diagnosis of BRD in calves is complex. Thus, there is disagreement on the reported
data around prevalence of BRD affecting dairy calves. For example, an epidemiological
study found that BRD affected approximately a third of pre-weaned calves on Californian
dairy farms (Dubrovsky et al., 2019b), suggesting BRD may be higher than producerreported prevalence (USDA, 2018). Alternatively, a recent cross-sectional study in
Germany suggested that BRD may be less prevalent, affecting 9% of calves assessed,
though navel infections were reported as high as 33% on this study (Dachrodt et al.2021).
There are likely disparities between studies due to the complexity of disease involvement
and different diagnostic criteria used to define a disease. For BRD, it is theorized that
bacterial pneumonia occurs after viral invasion in the calf; stressors immunocompromise
the calf, leading to an opportunistic infection of the respiratory tract (Pardon and
Buczinski, 2020). Regardless, this evidence suggests that calfhood disease is a problem
for dairy producers, and the development of these diseases is discussed further.
Diarrhea in neonatal dairy calves
Diarrhea is considered a symptom associated with lower gastrointestinal tract
(GIT) upset. Diarrhea in calves can be caused by alterations in GIT permeability,
colonization of pathogens, and or pathogen toxin excretion (Cho and Yoon, 2014). All of
these alterations can lower GIT functionality, leading to frequent excretion of fecal
material, and altered water absorption in calves (Renaud et al., 2020). Briefly, as
reviewed by Cho and Yoon (2014), calfhood diarrhea can be caused by short-term viruses
(i.e., the host combats the pathogen and resolves infection) such as Rotavirus and
10

Coronavirus. However, the host might also become a carrier and or spreader of the virus
for its lifetime such as BVD. Gram positive bacteria such as Clostridium perfringens
spp., and gram-negative bacteria such as E. coli spp., and Salmonella spp. can also cause
diarrhea in calves. Finally, protozoan species such as Cryptosporidium parvum, Coccidia
and Giardia duodenalis can also cause virulent infections that often lead to persistent
shedding of the cysts in calves; managing protozoan species are considered a major
welfare challenge when raising calves since they compromise growth (Shivley et al.,
2018b). Hence, ionophores are often fed to manage Giardia duodenalis and coccidia in
calves (USDA, 2018). Despite this, Cryptosporidium parvum is the most prevalent
pathogen associated with diarrhea in dairy calves (Shivley et al., 2018b). This evidence
suggests that there are multiple pathogens which affect prevalence of diarrhea in dairy
calves. Furthermore, management factors may affect the prevalence of diarrhea
associated pathogens.
The prevalence of different diarrhea associated pathogens in calves is partially
associated with management factors. For example, a USA-wide survey observed that the
prevalence of E. coli in young calves was low, and mostly associated with poor passive
transfer of immunity rates (Stenkamp-Strahm et al., 2018). Furthermore, a USA-wide
survey observed that nearly half of the fecal samples taken on preweaned calves were
positive for Cryptosporidium parvum, with larger herd sizes and greater temperature
humidity indexes increasing the likelihood of positive samples (Urie et al., 2018a). A
third of the fecal samples taken on calves were positive for Giardia duodenalis, with
smaller herd sizes and lower temperature humidity indexes increasing the likelihood of a
positive sample (Urie et al., 2018a). In contrast, Salmonella spp. associated with diarrhea
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in calves was considered an endemic problem, and virulence was more associated with
genetic mutations of the pathogen’s genome (Mohler et al., 2009). Thus, it is likely that
the pathogen prevalence on farm is impacted by the management factors employed.
While antimicrobials are the most common treatment method to ameliorate symptoms of
diarrhea in calves, there are not any commercial antimicrobials effective against
protozoan species (i.e., only ionophores are used); thus, it is hypothesized that diarrhea
promotes overuse of antimicrobials (Tzipori, 1983). This evidence suggests that pathogen
associated diarrhea is partially management factor related, and alternative methods to
ameliorate diarrhea bouts in calves should be explored.
Diarrhea bouts are commonly treated with antimicrobials in calves (Urie et al.,
2018b). However, this increases sustainability concerns about antibiotic resistance in
dairy farms and beyond. Diarrheal bouts are easily detected in calves since only one
symptom, fecal consistency, is assessed. For example, one system validated for scoring
calves for diarrheal bouts only requires the presence or absence of feces with a watery
consistency (Renaud et al., 2020). The feasible detection of diarrhea may lead to overuse
of antimicrobials by producers, which is heavily scrutinized by the dairy consumer
(Knowlton and von Keyserlingk, 2018). However, beyond consumer concern, the use of
antimicrobials to treat diarrheal bouts in calves was associated with shedding E. coli
strains genetically resistant to commercial antimicrobials (Khachatryan et al., 2004).
Thus, the overuse of antimicrobials to treat diarrheal bouts in calves extends beyond
consumer concern, and is a relevant issue needing attention in the dairy industry.
While there are clear benefits for using antimicrobials to treat certain diarrheaassociated pathogens in calves, interventions are recommended by veterinarians only
12

when a pronounced febrile response is observed (Berge et al., 2009, b). For example,
Berge et al., (2009, b) observed that targeted antimicrobial therapy using extreme
depression and a pronounced fever as symptoms accompanying diarrheal bouts in calves
reduced the duration of diarrhea compared to the preventative feeding of antimicrobials
in milk to calves. Similarly, a veterinary review suggested that the preventative feeding
of antimicrobials in milk to calves increased antimicrobial resistance, and was minimally
effective across studies (Smith, 2015). Smith (2015) emphasized the discontinuation of
preventively feeding antimicrobials to calves and to implement targeted therapy based on
evidence of systemic infection (i.e., a pronounced fever and extreme lethargy). The
preventative feeding of antimicrobials in milk is thought to reduce the likelihood of
disease in calves. However, recently, Buss et al., (2021) observed that there were no
justifiable benefits for calves fed antimicrobials in milk. Furthermore, the practice of
preventative feeding of antimicrobials in milk was associated with the increased shedding
of antimicrobial resistant E. coli in calves (Khachatryan et al., 2004). This is a calf
welfare and industry sustainability issue as antimicrobial resistant E. coli causes systemic
infection in calves with diarrhea (Khachatryan et al., 2004). Furthermore, Langford et al.,
(2003) observed that when calves are preventatively fed antimicrobials in milk, a dose
specific prevalence of antimicrobial resistance was shed in the feces by the calves
(Langford et al., 2003). This is a sustainability concern as antimicrobials used for
preventative feeding strategies to prevent diarrhea in calves has promoted antimicrobial
resistance.
This also has welfare consequences for the calf. More recently, administering
therapeutic antimicrobials to calves was associated with turning on genes in the lower gut
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associated with antimicrobial resistance, a delayed development of lower gut taxa
diversity, and a less robust microbial population in the small intestine was observed (Ma
et al., 2020). There is some evidence which suggests that treatment of calf manure may
neutralize persistence of these species in the calf’s environment, but this was observed in
research settings (Oliver et al., 2020). Thus, it is recommended for producers to
judiciously move away from preventative antimicrobial therapy and focus on targeted
therapies for calves with diarrhea. Collectively, this evidence suggests that limiting the
use of antimicrobials to treat diarrhea in calves is fundamental for the GIT health of the
developing calf and to decrease the prevalence of antimicrobial resistance.
There are also multiple welfare challenges associated with diarrheal bouts for
preweaned calves. For example, a systematic review observed that diarrhea in preweaned
calves was associated with ataxia, dehydration through loss of fluids, and a poor suckle,
indicating weakness (Meganck et al., 2014). More recently, diarrhea in calves was also
associated with disrupted and altered microflora colonies in the lower gut (Ma et al.,
2020), suggesting diarrhea may have additional physiological disturbances beyond
dehydration in calves. Minor to moderate dehydration can be rectified in calves through
provision of oral solutions (Taylor et al., 2017). Rehydration of calves is imperative, as
dehydration is compounded by an increased risk of blood acidosis through loss of
potassium (Golbeck et al., 2018), bicarbonate, and D-lactate (Trefz et al., 2012).
Correcting blood acidosis in calves often requires invasive intervention. For example,
Trez et al., (2012) observed that an intravenous solution of sodium bicarbonate can
correct blood acidosis in calves. However, blood acidosis is likely painful for calves,
calves positive for blood acidosis were depressed, had a lethargic corneal reflex, and
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were less capable of standing securely (Trefz et al., 2012). In summary, symptoms
associated with diarrheal bouts in calves such as dehydration and blood acidosis are
painful, and lead to poor affective states in calves. Thus, mitigating diarrheal severity in
calves, and lowering the duration a calf experiences diarrhea will improve calf health and
welfare.
Diarrhea preweaning may affect calf performance. For example, diarrhea
preweaning was associated with poor performance in calves, such as a reduced average
daily gains in dairy calves (Windeyer et al., 2014), and in veal calves, there was a greater
risk of mortality, and a lower hot carcass weight (Pardon et al., 2013). There is also the
possibility that diarrhea bouts in preweaned calves have long-term effects; one study
observed a lower likelihood of pregnancy and reduced milk production during the first
lactation in calves identified with a diarrheal bout preweaning (Aghakeshmiri et al.,
2017). Others have observed that calves with a diarrhea bout preweaning were older at
first calving and smaller (Heinrichs et al., 2005). Since the average case of diarrhea in
calves in one prospective cohort study was around 6 days (Renaud et al., 2019), research
needs to identify additional behavioral changes associated with diarrhea in calves to
minimize the compounding effects of diarrhea, and provide a timely intervention.
In summary, diarrhea is problematic for the calf and for the dairy industry. There
is a need to detect diarrhea earlier for timely intervention to decrease the duration a calf
experiences disease. However, preventative feeding of antimicrobials may have longterm consequences on the health of the calf’s GIT and may promote antimicrobial
resistance. Thus, there is a need to investigate alternative methods for early intervention
to ameliorate diarrhea in calves. However, diarrhea is not the only major player in
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calfhood disease. Bovine respiratory disease, a disease of the upper or lower respiratory
tract in cattle, is another disease that has welfare and sustainability implications for calves
and the producer.
Bovine respiratory disease in neonatal dairy calves
Bovine respiratory disease is likely a painful disease for cattle causing
physiological changes such as inflammation of the respiratory tract (Bednarek et al.,
1999), which leads to coughing (McGuirk and Peek, 2014), activation of the febrile
response, and activation of the HPA-immune axis, which leads to sickness behavior (Hart
and Hart, 2019). Bovine respiratory disease leads to an immunocompromised status in
cattle, it is considered a failure of lung epithelia integrity where native microbiota in the
nasopharynx colonize the respiratory tract leading to bacterial pneumonia in calves
(Raabis et al., 2021). Indeed, poor transfer of passive immunity in calves is one reason
BRD prevalence rates are different between dairies (Dubrovsky et al., 2019a).
Specifically, Dubrovsky et al., (2019a) observed in a cross-sectional study that BRD
prevalence rates on dairies were largely explained by maternal factors such as being a
twin, or inadequate immunoglobulin content of the dam’s colostrum and colostrum
management factors such as bacterial contamination and delayed delivery after a calf was
born. There were also environmental management factors associated with a higher BRD
prevalence on farm including poor air exchanges per hour, the prevalence of dust, and the
use of wooden hutches (Dubrovsky et al., 2019a). Thus, it is likely that the prevalence of
BRD in calves is partially explained by variation in maternal factors and management
factors on farm.
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The etiology (Bednarek et al., 2012), and pathophysiology (Autio et al., 2007) of
pathogens causing BRD in cattle has been extensively reviewed. Briefly, the most
common pathogens isolated from nasopharyngeal swabs of dairy calves living on farms
with a high BRD prevalence were viral such as bovine coronavirus and bovine
respiratory syncytial virus, gram negative bacteria such as Pasteurella multocida,
Mannhaemia haemolytica, and Histophilus somni, and gram positive bacteria such as
Mycoplasma bovis (Francoz et al., 2015). Due to the complexity of BRD, multiple
clinical symptoms of BRD are used to diagnose the disease.
A systematic scoring system, such as the Wisconsin scoring system, is commonly
used to detect BRD bouts in calves (McGuirk and Peek, 2014). Use of this system
involves assigning cumulative scoring from two abnormal categories (e.g., 0 normal to 3
severely abnormal) such as cloudy nasal discharge, colored eye discharge, presence of ear
flick or head tilt, elevated rectal temperature (e.g. higher temperatures receive higher
scores), and the presence of spontaneous, or repeated coughing to diagnose BRD
(McGuirk and Peek, 2014). However, Aly et al., (2014) suggested that the Wisconsin
scoring system was labor intensive (e.g., 20 hours per hundred health checks). Thus, a
dichotomous clinical scoring system (e.g. UC Davis Chart) was validated to reduce labor
and detect BRD bouts in calves using the clinical symptoms of the Wisconsin scoring
system, but this system included labored breathing as a symptom (Love et al., 2016). One
limitation to the UC Davis Chart was that the sensitivity rate was similar (e.g., 70%) to
the Wisconsin scoring system (Love et al., 2016). However, Aly et al., (2020) observed
that using the UC Davis Chart to score calves for BRD bouts daily was also labor
intensive (Aly et al., 2020). This suggests that both clinical scoring systems validated to
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assess for BRD bouts in calves are labor intensive, and they potentially miss sick calves.
For example, the average sensitivity for detecting BRD bouts in calves using the
Wisconsin scoring system was reported at 62%, while the average specificity was 74%
(Buczinski et al., 2015). In comparison, Buczinski et al., (2015) observed that the
validated thoracic lung ultrasonography scoring system increased sensitivity and
specificity for detecting BRD bouts in calves (e.g., average sensitivity was 79% and
average specificity was 94%). Furthermore, very recently, the lung ultrasonography
scoring system was validated as no different in average sensitivity (e.g., 84%) or average
specificity (e.g., 74%) when compared to chest thoracic radiography to diagnose
pneumonia in hospitalized calves (Berman et al., 2021). This suggests that the lung
ultrasonography scoring system is a gold standard for diagnosing BRD bouts in calves.
There is also evidence that when both the Wisconsin scoring system and lung
ultrasonography scoring system were used together for BRD diagnosis, a higher
sensitivity was achieved in diagnosing BRD bouts in preweaned calves (Buczinski et al.,
2014). Thus, it is suggested that herds can assess the prevalence of BRD in calves by
hiring a veterinarian to use lung ultrasonography scoring system and the Wisconsin
scoring system collectively. However, though lung ultrasonography scoring system is
sensitive to detect BRD bouts in calves, we suggest that the cost of an ultrasound, the
training required, and the labor involved with scanning calves are barriers for
incorporation into daily use on farm. Thus, additional BRD identification devices which
limits the use of manual labor are needed.
There are welfare consequences to the calf who incurs a BRD bout. For example,
in the short term BRD was associated with a lower average daily gain preweaning,
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suggesting calves who experienced BRD may use nutrients poorly, a biological
functioning concern (Cramer and Ollivett, 2019). In the long-term, BRD at weaning was
associated with lower milk production during the first lactation (Dunn et al., 2018 and
Teixeira et al., 2017), and a lower likelihood of pregnancy (Teixeira et al., 2017). More
recently, a scoping review and meta-analysis by Buczinski et al., (2021) observed that
BRD incurred preweaning in dairy calves was associated with a greater likelihood of
reduced average daily gain, dying, not completing the first lactation, and a greater
likelihood of lower milk production in the first lactation compared to healthy
counterparts.(Buczinski et al., 2021). Therefore, detecting calves at risk for a BRD bout
in a timely manner may also potentially mitigate the effect of BRD on calf productivity.
In summary BRD is a complex disease with many pathogens involved. Due to the
complexity of BRD, multiple symptoms are required to detect the disease. However, the
lung ultrasonography scoring system can provide an accurate diagnosis of a BRD bout in
a calf on farm. The disease causes short-term consequences, affecting calf productivity,
and long-term consequences, including lowered chance of survival, and potentially less
milk compared to healthy conspecifics. It is also likely that there is a real impact on a
calf’s affective state when a calf experiences a BRD bout and the time a calf experiences
the disease should be minimized (Aly et al., 2020). However, another major challenge
with BRD is the threat this disease poses to sustainability when calves do not respond to
the initial antimicrobial intervention (relapse). Evidence suggests that up to a quarter of
calves can relapse with BRD (Heins et al., 2014), and this may be in part due to delayed
disease detection, and antimicrobial resistance of the pathogens involved (Lysnyansky
and Ayling, 2016).
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Who fails to recover from Bovine respiratory disease?
Bovine respiratory disease is a welfare and sustainability problem for both the
dairy and beef industries. In veal calves, nearly a fifth of BRD calves required additional
antimicrobial interventions and some of these calves died (Welling et al., 2020). In dairy
calves, a third of dairy calves relapsed to their initial antimicrobial treatments for BRD,
and re-treatment was associated with mortality (Heins et al., 2014). In beef cattle, nearly
half of the cattle initially treated for BRD with antimicrobials relapsed with BRD, which
required a re-treatment (Rooney et al., 2005). However, others suggested that beef cattle
relapse rates for BRD might be closer to a third of the cattle treated (Burciaga-Robles et
al., 2010, Holland et al., 2010). One of the largest challenges with relapsed BRD cases is
that these cattle are at a much higher risk for chronic pulmonary disease and mortality
compared to BRD calves who recovered from the initial antimicrobial intervention
(Welling et al., 2020). Unfortunately, each additional antimicrobial intervention increases
the cumulative probability of chronic pulmonary disease in cattle, and these animals
seldom remain profitable (Holland et al., 2010). This evidence suggests that BRD calves
who relapse and fail to respond to antimicrobial treatment for BRD are a prevalent
problem.
Antimicrobial intervention effectiveness is less than optimal for BRD bouts in
calves. The pathogens involved and the class of antimicrobials used can affect the cure
rate, suggesting a need to promptly quantify if these BRD calves are responding to
antimicrobial intervention (e.g., hereafter referred to as recovery status). For example, a
review by Lysnyansky and Ayling (2016) observed that multiple in vitro studies found
that some of the most common pathogens associated with BRD had a high minimum
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inhibitory concentration for most of the commercially available antimicrobials used to
treat BRD in beef cattle. This may partially explain why relapsed calves are common and
are at a much greater risk for chronic pulmonary disease and mortality. However, there is
also a lag between antimicrobial intervention and resolution of clinical symptoms in
recovered BRD calves, complicating detection as reviewed by Cramer and Ollivett, 2020.
One potential solution is to use behavioral changes (i.e., sickness behaviors) to identify
recovery status in these calves and provide prompt interventions.
There are benefits to using early antimicrobial interventions to treat BRD bouts in
calves. For example, using the lung ultrasonography scoring system with the Wisconsin
scoring system to detect and treat BRD bouts in early development improved calf
productivity, increased the likelihood of cure, and reduced the likelihood of a calf
requiring an additional antimicrobial intervention (Binversie et al., 2020). Early
intervention on a BRD bout in dairy calves is imperative so that calves can recover and
resume normal behavioral activity. While the detection of a relapsed BRD bout is
important for the dairy and for the calf, it is impractical from an economic perspective.
Assessing every preweaned calf every day for clinical symptoms associated with BRD is
too labor intensive for larger farms (Aly et al., 2020). Similarly, every case of BRD was
estimated to cost $42 per case per calf, suggesting the disease is costly (Dubrovsky et al.,
2020). It is likely that delayed antimicrobial intervention reduces dairy calf productivity
and may comprise survival as has been seen in veal calves (Welling et al., 2020) and beef
cattle (Rooney et al., 2005). However, one study on relapse rates in BRD dairy calves
suggested average daily gain was not affected (Heins et al., 2014). Methods which
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decrease reliance on human labor should be explored to find BRD calves at risk for
relapse status to promote early intervention.
Bovine respiratory disease causes physiological changes such as inflammation of
the respiratory tract which leads to coughing, pain, and a febrile response, resulting in the
display of sickness behavior by the inflicted animals (Hart and Hart, 2019). Some
examples of sickness behavior related to BRD bouts in dairy calves can be passively
recorded by precision technology devices such as depressed feeding behavior measured
by automated feeders (Morrison et al., 2021), and reduced activity levels measured by
accelerometers (Costa et al., 2020). Sickness behavior in calves can also be monitored by
directly looking for self-isolation from the herd (Cramer et al., 2016), depression (Cramer
et al., 2019) and signs of physical pain such as hunched shoulders, labored breathing
(Love et al., 2016), and lateral lying (Hixson et al., 2018). However, using direct signs of
disease to watch for sickness behaviors in cattle requires labor, and is sometimes
impractical for dairy farms (Aly et al., 2020). Thus, the use of PDT to monitor daily
behavioral patterns of dairy calves has great potential.
In summary, BRD, and relapsed calves who do not respond to the initial
antimicrobial intervention contribute to welfare and sustainability issues for the dairy
industry. Calf welfare is compromised due to the pain experienced during a BRD bout,
and the longer-term reduced likelihood to thrive as an adult. Similarly, the prevalence of
relapsed BRD cattle suggests that the prevalence of antimicrobial resistance is high, the
disease is viral, or there is a high inhibitory concentration of the pathogens involved; this
suggests a high dose of antimicrobials required to eliminate the infection. There is the
potential to use sickness behavior to detect recovery status in BRD calves, but research is
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needed. Similarly, there is a need to investigate the potential of antimicrobial alternatives
to manage BRD, particularly with early intervention strategies regarding calfhood
disease.

Colostrum: a potential nutraceutical to ameliorate disease in calves
The dairy industry is under pressure to lower reliance on antibiotics, particularly
for sub-therapeutic use (Knowlton and von Keyserlingk, 2018); thus alternative therapies
should be considered to mitigate disease risk in calves. One potential opportunity is
feeding bovine colostrum as a nutritional strategy to older calves since it has a high
content of immunoglobulin and lactoferrin (Francesco et al., 2016), and has antiinflammatory properties (Lee et al., 2019). Moreover, using first milking bovine
colostrum as a dietary supplement may ameliorate disease bouts as was observed in
human medicine (Bagwe et al., 2015).
In healthy humans, supplementing dietary colostrum as a disease-preventative
strategy was associated with a lower likelihood of developing the flu compared to those
that were vaccinated and served as controls (Cesarone et al., 2007). Similar immune
improvement was observed in immunocompromised mice (Menchetti et al., 2020), and in
recently weaned piglets, though leukocyte populations were higher in the piglet’s small
intestine rather than circulating in the blood (Boudry et al., 2007). Moreover, healthy
dogs fed a 0.1% colostrum supplement had improved fecal IgA, and higher circulating
IgG 40 weeks after immunization for distemper compared to controls (Satyaraj et al.,
2013). The benefit of colostrum to improve immune response was also observed in other
mammal neonates. A low dose (3g/d) of colostrum supplementation for 12 weeks to 550
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chronically ill (diarrhea or pneumonia) human children ameliorated disease bouts, and
lowered antibiotic intervention (Patel and Rana, 2006); however, this pioneer work used
the children receiving the treatment as their own control. Hence, there are limitations that
can be inferred from the results of this study. However, feeding 100 young Thoroughbred
horses a colostrum supplement at (50 g/d) for 4 months ameliorated disease duration (2
weeks) versus soy flour controls (Fenger et al. 2016). This research collectively suggests
that dietary colostrum supplementation may improve immune function in healthy and atrisk humans, mice, piglets, and horses. To date, there is no work that has investigated the
efficacy of colostrum in older dairy calves and research is needed.
There is preliminary evidence that the use of colostrum as a disease-preventative
supplement fed to neonatal dairy calves during the first 14 d of life lowered the likelihood
of abnormal feces, lowered the likelihood of abnormal respiration, and decreased the
likelihood of antimicrobial intervention (Chamorro et al., 2017). Different results were
observed at a lower dosage, where 30 calves receiving colostrum at 70 g/d had a lower
likelihood of diarrhea, and a decreased likelihood of antimicrobial intervention, but the
likelihood of developing BRD was not different compared to negative controls (Berge et
al., 2009a). Moreover, a recent study observed that partially replacing the milk diet with
different levels of colostrum at up to 700 g per day reduced the chance of diarrhea,
improved performance, and tended to reduce the risk of BRD (Kargar et al., 2020).
Similarly, there is evidence that extended colostrum feeding to calves during the first 21
days of life decreased BRD morbidity for the first year of life and decreased diarrhea risk,
while milk production was higher for extended colostrum-fed calves during the first
lactation (Armengol and Fraile, 2020). However, there is no work which has investigated
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the effect of intervening on calves already at risk for disease. Hence, there is the potential
for colostrum to ameliorate disease in dairy calves when fed as a preventative therapy.
However, it is unknown if colostrum fed in the short-term can be used as an intervention
feeding strategy to mitigate disease risk in calves.
In summary, there is evidence that using colostrum as a disease-preventative
supplement may improve immune status in other species. To date, there is no work that
has investigated the efficacy of colostrum feeding as an intervention strategy in the shortterm for dairy calves at-risk for disease. However, there is literature which suggests
feeding colostrum to initially healthy dairy calves as a longer-term preventative feeding
strategy may improve calf health outcomes when they do become sick. One limitation to
feeding colostrum to calves across an extended period is cost. Therefore, it is of interest
to determine if an intervention provided to a calf demonstrating sickness behavior can
lower disease likelihood and ameliorate disease bouts. Since sickness behavior can be
monitored with PDT, the possibility of early intervention of colostrum to calves during
their first expression of sickness behavior should be explored.
Collectively, this evidence suggests that diarrhea and BRD are highly prevalent
diseases on dairy farms, and antimicrobial interventions are not always effective. Thus,
there is the real opportunity to explore alternative therapies for early intervention to
ameliorate and prevent disease bouts in calves. One avenue of possibility is the use of
PDT to monitor for sickness associated behaviors in calves. The cytokine-induced
sickness response is an induced motivational state which precedes expression of clinical
symptoms (Johnson, 2002). Thus, there is the potential to use PDT to monitor and detect
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the development of sickness in dairy calves. I will explore this topic in the second part of
this literature review.

Accelerometers and automated feeders: precision technology devices with the
potential to detect sickness behavior associated with disease in preweaned dairy
calves
Precision livestock research encompasses two areas: (1) use of technology to
increase farm efficiency and (2) use of technology to manage production parameters of
livestock (Eckelkamp and Bewley, 2021). There is the potential for incorporation of PDT
to manage production parameters of dairy calves in relation to disease diagnosis.
Precision livestock researchers suggested that accelerometers and automated feeders,
which can collect activity levels, and feeding behaviors in calves, respectively, may be
useful for disease detection. Furthermore, accelerometers are already in common use to
manage reproduction in older animals on dairies (Dolecheck et al., 2018) and automated
feeders are already in use to improve farm efficiency when feeding calves (MedranoGalarza et al., 2017). Thus, there is the potential for adding to the utility of PDT to
manage disease in calves since producers already have these technologies on farm.
Where possible, the potential for future research using PDT to manage dairy calf health is
explored.
Three-dimensional accelerometers
Three-dimensional accelerometers measure tilt relative to the object wearing the
device; this permits observation of the speed, direction, and acceleration rate of the object
equipped with the device (Costa et al., 2020). Accelerometers are wearable PDT, the
automated recording of behavioral positions of calves such as lying bouts, and rates of
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movement such as step counts are one reason this is the most researched PDT for calf
management (Robert et al., 2009). Furthermore, an activity index based on acceleration
rate and step counts was recently validated as an indicator of a play bout in calves (Gladden
et al., 2020). Accelerometers come in many forms such as pedometers, ear-tags, collars,
and sleep monitors and were developed to measure many behaviors in calves. A complete
picture of the options available are presented in Table 1.1.
Accelerometers and calfhood diarrheal bouts
There is literature which suggests that accelerometers, which measure behavioral
activity levels, including lying time, lying bouts, step counts, and rate of acceleration in
calves, may be capable of monitoring activity levels associated with diarrhea bouts prior
to disease in cattle. For example, in disease challenge models (e.g., Salmonella Spp.),
calves decreased lying bouts and increased lying bout duration 3 days before diarrhea
where lying times were not affected (Lowe et al., 2019b). In research with naturally
occurring diarrhea bouts, lying bouts either tended to be lower with diarrhea (Sutherland
et al., 2018, Belaid et al., 2020), were lower for 2 days prior to diagnosis (Belaid et al.,
2020), or no relationship was observed (Studds et al., 2018). In contrast, Swartz et al.,
(2020) observed that calves increased their lying bouts, and decreased their lying bout
durations from days 7 to 3 prior to diarrhea. A disagreement in the literature between
studies is likely due to different statistical methodology, and the pathogens involved with
diarrhea. For example, the Salmonella challenge resulted in virulent diarrhea bouts which
infected the control calves since they were socially housed; a lack of independent control
and the pathogen involved likely affected the lying behaviors of these calves (Lowe et al.,
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2019a). Thus, we suggest that further research is needed using carefully selected controls
to investigate if lying bouts are associated with diarrheal bouts in calves.
In contrast to lying bout behavior, the literature on daily lying time patterns in
calves prior to a diarrheal bout agrees. For example, tendencies for lower lying time
(Studds et al., 2018), or a significantly lower lying time prior to diarrhea bouts in calves
were observed (Sutherland et al., 2018, Swartz et al., 2020). Therefore, disease affects
lying behavior in calves and this behavioral change can be detected with accelerometers.
However, there is no literature available on the effect of acceleration rate (or an activity
index) on diarrhea bouts in calves, and this warrants future investigation.
Accelerometers and calfhood Bovine Respiratory Disease
Precision livestock technology research has also used accelerometers to detect
sickness behaviors for the few days before BRD bout diagnosis in dairy calves. For
example, young steers experimentally induced with BRD had increased lying times
(Toaff-Rosenstein et al., 2016) compared to control calves. Calves infected with
Mannhaemia haemolytica demonstrated laterality of lying towards the left side compared
with control calves, though lying time did not differ (Hixson et al., 2018). This evidence
suggests that experimentally infected animals experience changes in their lying behavior,
but which activity behaviors change is unclear.
There is moderate agreement in the literature on the effect of naturally occurring
BRD on calf activity levels. For example, two studies agree that BRD bouts are
associated with decreased lying bouts in the few days before diagnosis in calves (Swartz
et al., 2020, Duthie et al., 2021). For step counts, only one study evaluated step counts,
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and step counts declined the day before BRD diagnosis in calves (Duthie et al., 2021).
However, a study which did not stratify by disease type also observed a decline in step
counts in the days before diagnosis (Belaid et al., 2020). Thus, this research suggests that
reduced activity levels may indicate sickness behavior associated with BRD status in
dairy calves.
The relationship with lying time and BRD bouts is less clear than activity levels.
Lying time was either not affected (Swartz et al., 2017), only changed on day 10 prior to
diagnosis (Belaid et al., 2020), or lying times were greater (Duthie et al., 2021) in calves
diagnosed with a BRD bout. It is possible that differences between studies are explained
by varying management factors known to affect lying times in calves. For example, lying
behavior in calves can decrease as bedding dry matter content decreases (Camiloti et al.,
2012), and as space allowances decline per calf (Jensen and Kyhn, 2000). For example,
one study suggested that providing a minimal space allowance (e.g., 1.5 m2) to group
housed calves reduced locomotory play bouts compared to calves offered greater space
allowances (Jensen and Kyhn, 2000). Thus, it is possible that the relationship between
lying times in calves and BRD may be related to different management factors, but more
research is needed. A study which replaces bedding biweekly and provides stocking
density to calves at greater than 1 m2 is needed to explore this relationship with lying
time and BRD bouts. In summary, activity levels such as lying bouts and step counts
decline prior to BRD diagnosis in calves.
Automated feeders
While accelerometers are the most researched PDT in calves, automated feeders
are the most popular PDT used on commercial farms (Medrano-Galarza et al., 2017). It is
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likely that the popularity of automated feeders is linked to a study that supported
increasing milk allowances without increasing labor costs when compared to individual
housing (Kung et al., 1997). Automated feeders can also administer feed such as milk and
calf starter, supplements such as probiotics, and some can even record the feeding
behaviors of the calves. Feeding behaviors recorded by these systems include milk and
solid feed intake, the intake rate, drinking speed, and how often a calf visits and receives
milk (rewarded visits) or does not (unrewarded visits). Thus, with the recording of
feeding behavior, there is the potential of this system to detect disease. This literature
review covers the research regarding feeding behavioral depression as sickness behaviors
associated with diarrheal bouts, and BRD bouts recorded by automated feeding systems.
Automated feeding systems and calfhood diarrheal bouts
Automated feeding systems automatically record the daily feeding behaviors of
individual calves, suggesting the potential of this PDT to use behavioral deviations to
detect sickness behaviors. However, the milk feeding strategy used on the automated
feeder affected which sickness behaviors were observed in calves in the literature. For
simplicity, studies which offered calves 7 L/d or less will be referred in this review as
limit-fed calf studies. For example, calves allotted 12 L/d had lower milk intakes several
days preceding illness detection, whereas calves offered limit-fed milk reduced milk
intake only a day prior to diagnosis (Sutherland et al., 2018). In agreement, Borderas et
al., (2009) observed that limit-fed calves changed milk intakes only on the day of
diarrhea, whereas calves offered more milk decreased their intakes several days before
diarrhea. It is possible that only calves offered higher milk allowances experience
depressed milk intakes before diarrhea. This possibility may be due to the amount of milk
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offered, 7 L/d is less than half of what a calf drinks when milk is offered ad libitum
(Welboren et al., 2018). Thus, it may be suggested that limiting milk intake precludes the
ability to detect a diarrheal bout in calves compared to studies which offered calves
higher milk allotments.
Drinking speed, or how quickly calves drink their meals, and unrewarded visits,
or how often a calf visits the feeder without receiving milk might change earlier than
milk intake in limit-fed calves approaching a diarrheal bout. For example, drinking speed
decreased in limit-fed calves 3 days prior to a diarrheal bout (Knauer et al., 2017).
However, Knauer et al., (2017) relied on producer reporting for diarrheal bouts in calves,
thus more research is needed to ensure all diarrheal bouts are detected. Unrewarded visits
decreased in limit-fed calves 2 to 3 days prior to diarrhea diagnosis (Lowe et al., 219b;
Sutherland et al., 2018), or decreased for 4 days prior to diarrhea diagnosis (Knauer et al.,
2017). This suggests that unrewarded visits may decline for several days for calves
approaching a diarrheal bout. Unrewarded visits have no nutritive purpose, which may be
why calves decrease this behavior prior to diarrhea. However, future research is needed
to explore individual behavioral changes rather than looking at differences between
average daily behaviors between healthy and sick calves.
Automated feeding behaviors and calfhood Bovine Respiratory Disease
One potential opportunity to improve BRD detection in calves is to use PDT to
monitor for changes in behavioral patterns. For example, automated feeders can record
feeding behaviors such as drinking speed, milk intake, and visits, and these behaviors
may change before a BRD bout in calves (Morrison et al., 2021). However, it appears
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that milk feeding allowance affects which feeding behaviors are sickness signals for BRD
bouts.
There is agreement in the literature that limit-fed, diseased calves changed milk
intake on the day of BRD detection (Borderas et al., 2009, Knauer et al., 2017, Swartz et
al., 2017). However, there is conflicting evidence on the relationship of milk intake and
BRD for calves on non-restrictive diets. For example, no relationship was observed
(Cramer et al., 2020), or milk intake declined a few days before BRD diagnosis in calves
(Duthie et al., 2021). Evidence suggests, that like diarrhea, milk intake is affected, and
changes are measurable for several days in calves offered a non-limiting milk allowance.
However, for BRD bouts, more research is needed as there is a lack of agreement in the
literature. Similarly, there is conflicting information about drinking speed as sickness
behavior for BRD. Drinking speed either decreased on the day of BRD diagnosis in limitfed calves (Knauer et al., 2017), or no relationship was found (Swartz et al., 2017).
Moreover, for calves offered more milk, there were either lower drinking speeds
observed for 3 days prior to BRD (Cramer et al., 2020) or no relationship was found
(Duthie et al., 2021). Thus, evidence is conflicting on the utility of milk intake and
drinking speed as sickness behaviors related to BRD in calves.
Like drinking speed, unrewarded visits may or may not be a sickness behavior
indicative of a BRD bout. For example, unrewarded visits decreased several days prior to
diagnosis in limit-fed calves (Svensson and Jensen, 2007), were lower on the day of
disease diagnosis in calves offered more milk (Borderas et al., 2009), or decreased
several days prior to BRD diagnosis in calves offered more milk (Duthie et al., 2021). It
is likely that different disease definitions and milk feeding strategy affected the
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relationships observed. Future research needs to quantify disease definitions clearly, and
relative changes in calf behaviors should be explored to investigate associations with
feeding behavior and these relationships.
It is possible that the lack of agreement on milk intake, drinking speed and
unrewarded visits is due to different disease definitions used. For example, Cramer et al.,
(2020) used lung ultrasonography scoring system as part of the BRD diagnosis criteria,
which has higher operative sensitivity and is more accurate than the Wisconsin scoring
system (Buczinski et al., 2015). It is recommended moving forward to use similar disease
diagnosis criteria to eliminate these discrepancies in the literature (e.g., STROBE vet
guidelines). Furthermore, very few studies use inter-observer agreement to ensure health
exams were performed similarly between researchers. This can introduce considerable
bias for under-or-over reporting disease and should be eliminated. Incorporation of a
clinical scoring system, with a gold standard to diagnose disease such as lung
ultrasonography scoring system and inter-observer validations across time should be
incorporated into calf health studies.
In summary, accelerometers and automated feeders are often used on dairy farms,
and the utility of using these PDT to evaluate sickness behaviors in calves brings a great
opportunity to improve the welfare of the animals and to reduce the use of antimicrobials.
Overall, calves may experience restlessness and decline their feeding behavior a few days
before diarrhea diagnosis, but findings are dependent on milk feeding strategy. However,
there is limited evidence which explored the relationship between diarrhea bouts and
sickness behaviors in diarrheic calves. Similarly, there are limitations to this collective
research as diagnostic criteria for diarrhea relied on producer reporting, potentially under
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reporting diarrhea (Knauer et al., 2017). Other studies had limitations, some lacked
independent controls (Lowe et al., 2019b), or used calf cleanliness to diagnose disease
(Sutherland et al., 2018) and this was reported as a poor diagnostic criterion for diarrhea
in calves (Graham et al., 2018). Moving forward, researchers need to incorporate
standardized reporting, and the recent validation of diarrhea scoring criteria (Renaud et
al., 2020) should be used to standardize reporting for future research. Future research
should evaluate the potential of accelerometers and automated feeders to detect diarrhea
bouts in calves when they are followed every day using standardized reporting and
diagnostic criteria.
Overall, for BRD, precision livestock researchers observed that calves may
experience reduced activity levels and feeding behavior depression a few days before
diagnosis, but findings are dependent on milk feeding strategy. There is a lot more
evidence to suggest that feeding behavior depression and reduced activity levels occur for
the few days before BRD diagnosis compared to literature exploring PDT and diarrhea
bouts in calves. However, there is disagreement in the literature on which activity levels
and feeding behavior variables change before a BRD bout.
It is suggested that a limitation to this collective evidence is that disease definitions
differ, and frequency of clinical scoring differs, despite often using the same clinical
scoring system (McGuirk and Peek, 2014). For example, one study relied on producer
reporting, potentially under reporting BRD (Knauer et al., 2017), another used collective
consecutive days of BRD, potentially delaying reporting (Duthie et al., 2021), while
another used lung ultrasonography scoring system a more sensitive diagnostic tool that
may have caught BRD bouts sooner (Cramer et al., 2020). This makes comparisons
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difficult, though the evidence collectively suggested accelerometers and automated
feeders can record behavioral changes associated with BRD in calves. This is not an
encompassing list of differences between studies. Future research should follow calves
daily to diagnose BRD development and define its onset. There is also the possibility to
incorporate diagnostic tools such as lung ultrasonography scoring system as a gold
standard to improve the reliability of the diagnosis. Furthermore, there is the potential to
use PDT to detect recovery from the initial antimicrobial intervention for BRD in calves,
and this should be explored. Precision livestock researchers may improve calf welfare
using these PDT by detecting disease sooner for earlier interventions, and by promoting
calf recovery status. Similarly, use of PDT to detect calves at risk for disease provides a
sustainable option to explore colostrum as an intervention strategy to ameliorate disease
severity. However, a study is needed which follows calves daily to capture all health
events. Furthermore, a study is needed to explore the potential of an individual calf’s
relative changes in behavior to indicate a disease event.

Conclusions
In conclusion, diarrhea and BRD are common diseases during calfhood with real
implications for affecting a calf’s well-being. Similarly, while antimicrobial interventions
to ameliorate these diseases are most common, many pathogens associated with diarrheal
bouts and BRD in calves are antimicrobial resistant. Thus, methods which detect sickness
behaviors in calves prior to clinical disease onset, and to detect calves in recovery are
needed to increase sustainable practices in the dairy industry. One potential for early
intervention is to determine if colostrum can be fed to calves as a feeding intervention
strategy (e.g., when feeding behavior declines). Early evidence in parallel from other
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species, and in calves suggest that feeding colostrum as a preventative strategy improves
immune status and decreases disease risk. However, no research has explored the utility
of colostrum an intervention strategy to ameliorate disease in calves at risk for disease,
and research is warranted.
One opportunity to detect calves at risk for disease is to passively monitor
sickness behaviors in calves with PDT, such as accelerometers and automated feeding
systems. Accelerometers are validated for step activity, lying bouts, lying time, feeding
time, rumination, and sleep in calves. Automated feeding systems can record a variety of
feeding behaviors including milk and solid feed intake, feeding rate, feeding time, and
visits. Indeed, preliminary evidence suggests that calves have feeding behavior
depression prior to clinical diagnosis of diarrhea and BRD bouts in calves. Similarly,
calves exhibit reduced activity levels in the days before diagnosis with a BRD bout, and
restless activity levels prior to diarrhea diagnosis. However, inconsistencies between
studies in reporting, sampling frequency, and even diagnostic criteria for disease leads to
a need for future research. Future research is needed to follow a cohort of calves daily for
true disease onset using validated clinical definitions for disease, including consistent
antimicrobial interventions, inter-observer reliability agreement, and gold standards for
diagnostic reporting.
The dissertation objective
The overarching objective of this dissertation is to follow a cohort of calves daily
from birth until 14 days past weaning (first 90 days of life) for disease bouts to determine
if feeding behavior and activity levels decline prior to BRD in preweaned dairy calves.
Since calves often relapse to the initial antimicrobial treatment for a BRD bout, the
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potential of PDT to indicate recovery status in calves will also be explored. Specifically,
it is of interest to quantify if daily feeding behaviors such as milk intake, calf starter
intake, drinking speed, and/or rewarded and unrewarded visits recorded by an automated
feeder indicate feeding behavior alterations prior to BRD diagnosis as well as if this
indicates recovery status in calves (relapsed status). Furthermore, it is of interest to
quantify if activity levels such as daily lying time, lying bouts, step counts, and average
acceleration rates indicate lethargy in calves prior to BRD diagnosis as well as if this
indicates recovery status in calves (relapsed status). It is expected that recovered calves
who respond to the initial antimicrobial intervention for BRD would no longer express
sickness behavior, thus making relapsed calf behavior different. Specifically, it is
expected that recovered calves will have greater activity levels and greater starter intake
as they approach convalescence. However, this has never been explored in calves and
offers a potential additional benefit for the technology.
Finally, it is of interest to determine if feeding colostrum to calves who decline in
their feeding behavior can ameliorate a disease bout and improve performance. Providing
nutritive support to calves during a time of metabolic challenge and immune activation is
a proof-of-concept approach. This is important since the dairy industry should explore
antimicrobial alternatives moving forward, and antimicrobial resistance in calves should
be mitigated. Since the collective evidence of this literature review suggests that both
milk feeding strategies, and management factors influence disease likelihood, calves on
this study received the highest level of welfare available to artificially raise dairy calves.
For example, calves on this study were provided a high caloric diet (intermediate milk
levels, and free choice starter, and hay), to ensure essential needs were met and calf
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welfare was not self-limiting regarding biological functioning prior to becoming sick.
Furthermore, calves were provided social housing, and enrichment items such as a ball,
and calf brush in their enclosure to enhance expression of natural behavior to prevent
boredom. This optimal welfare environment was provided to these calves so that changes
in calf behavior associated with disease were not bound by a limit-fed milk diet,
boredom, or external management factors (such as dirty bedding, dehorning etc.).
However, we still used an artificial environment as this research needed to remain
relevant for the commercial dairy industry. Thus, this dissertation assessed the ability of
an accelerometer, and an automated feeder to indicate sickness behavior prior to disease
onset, and to indicate recovery status in dairy calves with BRD. Furthermore, the
potential of colostrum to ameliorate disease bouts in calves who had depressed feeding
behavior prior to disease onset was explored.
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Table 1.1 Validation of accelerometers to monitor calf activity levels and feeding
behavior (adapted from Costa et al., 20201)
Studies (n=24) which evaluated the validity of accelerometers for measuring
activity-related behavior in calves including lying, standing, walking and locomotory
play(n=11), sleep (n=1) or feeding behaviors (n=9). Feeding behaviors rumination time,
drinking, or feeding time in young calves. Studies were selected from manuscripts
published in the last decade after full text screening. Electronic databases searched
included ScienceDirect, PubMed, Ebscocost, Google Scholar and Web of Science.
Behavior

Device

Citation

Manufacturer

Lying time

Attachment
IceQube

(Trénel et al.,
2009)

Calf sample
size and
observation
period

Device sampling
strategy

Validation Method

N=9, 12
hours

1 reading/second

Mean Sensitivity (99.6%)

Ice Robotics,
Edinburgh,
Scotland

Specificity (98.0%) with
video

pedometer

Lying time
(Bonk et al.,
2013)

HOBO Pendant
G data logger

Study I N=8,
37 2-hour
periods

Onset Computer
Corp., Bourne,
MA

30-seconds or 60seconds intervals;
processed as
unfiltered.
1-minute or 2minute filters

pedometer

Study II
N=19, 19 24hour periods

Lying time

AfiTag II

N=5 ,7 hours

(Swartz et
al., 2016)

Afimilk Ltd.,
Kibbutz Afikim,
Israel

Nearest 1 min,
reported in 3 min
intervals

N=12, 96
consecutive
hours

1reading/second
summed 15 min
intervals unfiltered
and filtered

Best correlation with direct
observation (= 0.99) for 60second intervals
Bland-Altman (mean
difference = 0.0  3.1 min)
Predictability (99.3%)
Sensitivity (99.2%)
Specificity (97.7%)
Correlation with video (=
0.99) and HOBO (= 0.99)

pedometer

Lying time

IceQube

(Finney et
al., 2018)

Ice Robotics,
Edinburgh,
Scotland

Bland-Altman against video
difference=3.6 seconds; SD
not reported
Filtering method did not
change outcome.

pedometer
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Table 1.1 Continued

Lying time
(Roland et
al., 2018b)

Lying bouts
(Bonk et al.,
2013)

SMARTBOW
ear tag

Ear tag
HOBO Pendant
G data logger

(Swartz et
al., 2016)

Steps

pedometer
AfiTag II

Gait
(walking,
trotting, and
galloping)
(de Passillé
et al., 2010)

Cohen's kappa with video
(=0.88)
Sensitivity (94.4%)
Specificity (94.3%) Accuracy
(94.3%) Precision (95.8%)

Study I N= 8,
37 2-hour
periods

Onset Computer
Corp., Bourne,
MA

AfiTag II
(Afimilk Ltd.,
Kibbutz Afikim,
Israel)

(Swartz et
al., 2016)

10 readings /
second

Smartbow
GmbH,
Weibern,
Austria

pedometer
Lying bouts

N=15, 4
hours

Study 2 N=
19, 19 24hour periods
N=5, 7 hours

30-second or 60second intervals
processed as
unfiltered.
1-minute or 2minute filters

Best correlation with direct
observation (= 0.85 for 60-s
interval
Bland-Altman (mean
difference = 0.68 ± 0.75
bouts)

1 bout = minimum
of 3 minutes lying
down

Correlation with video (=
0.99) and HOBO (= 0.93)

N=5, 7 hours

15-minute intervals

Correlation with video (=
0.99)

N=7, 10
minutes

33 readings/second

Correlation between average
number of peaks in
acceleration data and number
of steps observed from video
in forward axis (=0.92),
vertical axis (=0.93), and
vector sum of forward and
vertical axes (=0.88).

Afimilk Ltd.,
Kibbutz Afikim,
Israel
pedometer
HOBO Pendant
G data logger
Onset Computer
Corp., Bourne,
MA
Attached to leg
with wrap

distribution of interpeak
intervals in forward axis
differed among gait types (P
< 0.001)
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Table 1.1 Continued
Locomotory
play

HOBO Pendant
G data logger

(Luu et al.,
2013)

Onset Computer
Corp., Bourne,
MA

Inactive
(Hill et al.,
2017)

Attached to leg
with wrap
CowManager
SensOor

N=30, 10
minutes

33 readings /second
during recording
simulated 11
readings and 1
reading/second
during postprocessing

N=16, 12
hours per day
for 4 days

1 reading/minute

Agis, Harmelen,
the Netherlands

Correlation between duration
of peaks of acceleration in
vertical axis and duration of
locomotory play in video
(=0.97 for 11
readings/second and 0.92 for
1 reading/second)

Regression against live
observations (R2=0.97)
Slope not different zero

Ear tag

Sleep (REM
and NREM)
(Hokkanen et
al., 2011)
Rumination
(Burfeind et
al., 2011)

Purpose-built
accelerometer;
Attached to neck
collar

N=10, 24 hours

25
readings/second

Sensitivity, lying awake (=
40%), REM (=66%) and
NREM (=81%)

Hi-Tag Electronic
Rumination
Monitoring System

N=35

1 summed
reading/2 hours

Cohen’s Kappa with live
observations (r=0.99)

SCR Engineers
Lmtd., Netanya
Israel

2-hour intervals
3 times in 1 day

grouped by age.
Moderate correlation
(r=0.89)
Moderate regression
(R2=0.79) for calves at 8
weeks bias for over and
under-estimation 20 min

Neck collar

Rumination

Rumiwatch System

(Eslamizad
et al., 2018)

GmbH Feeding
Technology,
Liestal,
Switzerland

N=10, 12 hours
for 1 day

1 reading/minute

Regression against video
recordings (R2=0.82),
slope 0.87
Filtering out rumination
events < 5 min (R2=0.93),
slope 0.93

Neck collar

Rumination

CowManager
SensOor

(Hill et al.,
2017)

Agis, Harmelen,
the Netherlands

N=16, 12 hours
per day for 4
days

1 reading/minute

Regression against live
observations (R2=0.91)
Slope not different zero

Ear tag
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Table 1.1 Continued

Rumination
(Rodrigues et
al., 2019)

Hi-Tag Electronic
Rumination
Monitoring System

32 calves 4 2hour intervals
pre and post
weaning

1 summed
reading/2 hour

Correlation pre and post
weaning rumination time
to live observation
(r=0.70)

SCR Engineers
Lmtd., Netanya
Israel
Neck collar

Rumination
(Roland et
al., 2018b)

SMARTBOW ear
tag

Observer agreement
correlation (r=0.96)

Probability distribution
different (P <0.001)

N=15, 4 hours

10 readings /
second

Cohen’s kappa with video
(=0.80). Sensitivity
(89.4%), specificity
(94.9%), accuracy
(93.9%), and precision
(78.5%).

1 reading/minute

Concordance correlations
(ccc=0.55) and
correlations (r=0.63)
against visual observations
Bias correction factor
(=0.88)

N=15, 4 hours

10 readings /
second

Cohen’s kappa115 with
video (=0.52) Sensitivity
(73.2%) Specificity
(83.7%) Accuracy (81.2%)
Precision (57.9%)

N=15, 4 hours

10 readings /
second

Cohen’s kappa115 with
video (=0.04) Sensitivity
(2.7%) Specificity (99.9%)
Accuracy (99.4%)
Precision (10.0%)

Smartbow GmbH,
Weibern, Austria
Attached to ear

Rumination

CowManager
SensOor

24 weaned
calves

(Reynolds et
al., 2019b)

Agis, Harmelen,
the Netherlands

Two 2-hour
observation
periods per calf

Attached to ear
Solid feed
intake

SMARTBOW ear
tag

(Roland et
al., 2018b)

Smartbow GmbH,
Weibern, Austria

Water intake

Attached to ear
SMARTBOW ear
tag

(Roland et
al., 2018a)

Smartbow GmbH,
Weibern, Austria
Attached to ear
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Table 1.1 Continued

Milk intake
(teat-fed)

SMARTBOW ear
tag

(Roland et
al., 2018a)

Smartbow GmbH,
Weibern, Austria

N=15, 4 hours

10 readings
/second

Cohen’s kappa115 with
video (=0.07). Sensitivity
(4.2%), Specificity
(99.7%), Accuracy
(97.6%), Precision (27.1%).

N=3, 5 days 24
hours per day

10 readings
/second

Cohen’s kappa with video
(=0.68). Sensitivity
(82.9%), Specificity
(96.9%), Accuracy
(96.2%), Precision (60.4%).

16 calves (12 h/d
for 4 d)

1
reading/minute

Regression against live
observations (R2=0.75)

Attached to ear
Milk intake
(bucketfed)
(Roland et
al., 2018a)
Feeding
time
(Hill et al.,
2017)

Feeding
time
(Reynolds
et al., 2019)

SMARTBOW ear
tag
Smartbow GmbH,
Weibern, Austria
Attached to ear
CowManager
SensOor (Agis,
Harmelen, the
Netherlands)
Attached to ear
CowManager
SensOor (Agis,
Harmelen, the
Netherlands)

Slope not different zero

24 weaned calves
(Two 2 h
observations per
calf)

1
reading/minute

Concordance correlations
(ccc=0.72) and correlations
(r=0.88) against visual
observations Bias
correction factor (=0.83)

Attached to ear

1A

comprehensive evaluation of the literature on validation of accelerometers to monitor
feeding behavior and activity levels in calves. This table is published in J. Dairy Sci. as
part of a literature review on the use of PDT for dairy calf management.

43

CHAPTER 2.

DAILY FEEDING AND ACTIVITY BEHAVIORAL PATTERNS COLLECTED BY
PRECISION TECHNOLOGY ARE ASSOCIATED WITH BOVINE RESPIRATORY DISEASE
STATUS IN PREWEANED DAIRY CALVES

Introduction
Bovine Respiratory Disease (BRD) is a disease affecting the respiratory tract of
dairy and beef calves. According to a USA-based producer survey, BRD affects 12% of
preweaned dairy calves (USDA, 2018). This survey also reported that BRD was a major
contributor to calf mortality, responsible for around a quarter of calf deaths (USDA,
2018). Similarly, a recent cross-sectional study in Germany suggested that BRD affected
9% of the calves (Dachrodt et al., 2021).
However, iHowever, it is likely that BRD prevalence in calves is under reported
by producers. For example, a recent epidemiological study that regularly health scored
over ten thousand calves found that BRD affected approximately a third of pre-weaned
calves (Dubrovsky et al., 2019); this finding suggests that calfhood BRD may be higher
than producer-reported prevalence. Disparities between studies reporting BRD
prevalence might be due to the complexity of disease involvement, where a primary viral
infection may be followed by opportunistic bacterial infection of the respiratory tract
(Pardon and Buczinski, 2020), or due to different diagnostic criteria used to define BRD.
Regardless, this body of evidence indicates that BRD is a prevalent disease in preweaned
calves, and additional BRD identification devices are needed.
A systematic scoring system, such as the Wisconsin scoring system, is commonly
used to detect BRD in calves (McGuirk and Peek, 2014). Use of this system involves
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assigning cumulative scoring from two abnormal categories (e.g., 0 normal to 3 severely
abnormal) such as cloudy nasal discharge, colored eye discharge, presence of ear flick or
head tilt, elevated rectal temperature (e.g. higher temperatures receive higher scores), and
the presence of spontaneous, or repeated coughing to diagnose BRD (McGuirk and Peek,
2014). However, some authors have expressed concern that the Wisconsin scoring system
is labor intensive (e.g., 20 hours per hundred health checks Aly et al., (2014)), or limited
in finding sick calves. For example, the average sensitivity to detect BRD in calves using
the Wisconsin scoring system was reported at 62%, while the average specificity was
74% when compared to the thoracic lung ultrasonography scoring system lung
consolidation threshold of >1cm2 (Buczinski et al., 2015). In comparison, Buczinski et
al., (2015) observed that the validated thoracic lung ultrasonography scoring system
increased sensitivity and specificity for diagnosing BRD in calves when the threshold of
>1cm2 of lung consolidation was used (e.g., average sensitivity was 79% and average
specificity was 94%). Most recently, the thoracic lung ultrasonography scoring system
was validated with no difference in average sensitivity (e.g., 84%) or average specificity
(e.g., 74%) when compared to chest thoracic radiography to diagnose pneumonia in
hospitalized calves (Berman et al., 2021). This suggests that the thoracic lung
ultrasonography scoring system is a gold standard for diagnosing BRD in calves, and
could also be used in combination with the Wisconsin scoring system to achieve a higher
sensitivity in diagnosing BRD in preweaned calves (Buczinski et al., 2014). Thus, it is
suggested that herds can assess the prevalence of BRD in calves by hiring a veterinarian
to use the thoracic lung ultrasonography scoring system and the Wisconsin scoring
system, collectively. However, though thoracic lung ultrasonography scoring system is
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sensitive to detect BRD in calves, we suggest that this is still not in common use on most
dairy farms. Thus, additional BRD identification devices which limits the use of manual
labor are needed.
The early diagnosis of BRD development is imperative to intervene sooner to
avoid a negative impact on calf productivity; BRD was associated with less average daily
gain in preweaned calves (Cramer and Ollivett, 2019). Similarly, BRD identified in
calves at weaning was associated with less milk in the first lactation (Dunn et al., 2018).
More recently, Buczinski et al., (2021) observed that BRD incurred preweaning in dairy
calves was associated with a greater likelihood of reduced average daily gain, death,
failure to complete the first lactation, and a greater likelihood of producing less milk in
the first lactation compared to healthy counterparts. Therefore, detecting calves at risk for
BRD in a timely manner for appropriate intervention may also potentially mitigate the
effect of BRD on calf productivity.
One potential opportunity to improve BRD detection in calves is to use precision
technology devices to monitor for changes in behavioral patterns. Research using
precision technology devices encompasses two areas: (1) use of technology to increase
farm efficiency and (2) use of wearable precision technology devices to manage
production parameters, or monitor the behavior of livestock (Eckelkamp and Bewley,
2021). There is the potential for the incorporation of precision technology devices to
monitor the behavior of dairy calves in relation to disease diagnosis. For example,
automated feeders can record feeding behaviors such as drinking speed, milk intake, and
visits, and these behaviors may change before BRD diagnosis in calves as reviewed by
Morrison et al., 2021. For instance, diseased calves fed limited milk with automated milk
46

feeders had fewer unrewarded visits prior to disease (Svensson and Jensen, 2007).
Moreover, Borderas et al., (2009) identified that calves on higher milk allotments
changed milk intake on the day of illness detection. However, both Borderas et al., (2009)
and Svensson and Jensen (2007) defined disease as ill thrift, making comparisons to BRD
difficult. More recently, Swartz et al., (2017) stratified feeding behavior by disease type
using the Wisconsin Scoring System to diagnose BRD in calves and observed that milk
intake declined on the day of BRD detection. Interestingly, when multiple farms were
included, daily average drinking speed and unrewarded visits to an automated milk feeder
changed on the day of antibiotic treatment for BRD calves diagnosed by the producer
(Knauer et al., 2017). Moreover, calves diagnosed with BRD had slower drinking speeds
for the 3 days prior to BRD diagnosis when compared to healthy calves using a thoracic
lung ultrasonography scoring system and the Wisconsin Scoring System as disease
diagnostic criteria (Cramer et al., 2020). Furthermore, Duthie et al., (2021) observed that
calves had less unrewarded visits 3 days prior to BRD diagnosis (e.g., defined by the sum
of days with the highest scores of abnormal signs on the Wisconsin Scoring System) and
reduced milk intake on the day before BRD diagnosis compared to healthy calves. This
work demonstrates that calves approaching a BRD diagnosis may have depressed feeding
behavior in the days before diagnosis. However, it is unknown if individual calves have
relative changes in their feeding behavior and this should be explored.
Another precision technology device to potentially detect BRD in calves is
accelerometers which monitor behavioral activity levels, including lying time, lying
bouts, step counts, and rate of acceleration in calves as reviewed by Costa et al., 2020.
Some of these measures changed before diagnosis with BRD. For example, Swartz et al.
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(2017) found that lying bouts decreased 2 days before and daily steps decreased 1 day
before BRD diagnosis using the Wisconsin Scoring System. Belaid et al., (2020)
observed that veal calves decreased lying time 10 days before diagnosis of ill thrift or
breathing ailments/nasal discharge, although this effect was not observed on any other
day leading up to diagnosis. Furthermore, Duthie et al., (2021) observed that calves
increased their lying times and decreased their lying bouts prior to BRD diagnosis (e.g.,
defined by the sum of days with the highest scores of abnormal signs on the Wisconsin
Scoring System) when compared to healthy calves. Interestingly, Belaid et al., (2020)
also observed a change in feed bunk visits in calves prior to disease diagnosis, suggesting
that behavioral activity surrounding solid feeding may be a sickness behavior. However,
Belaid et al., (2020) did not record starter intake, thus this should be investigated. This
work demonstrates that calves approaching a BRD diagnosis may have lethargic behavior
such as decreased lying and solid feeding bouts, increased lying times, and decreased step
counts in the days before diagnosis with BRD. However, it is unknown if individual
calves have relative changes in their activity behavior and this should be explored.
This evidence suggests that differences in feeding behavior and activity levels
between diseased and healthy calves are analyzed without identifying changes in an
individual animal’s behavior. However, precision technology devices are often designed
to monitor for and alarm when there are relative changes from a behavioral baseline of
the animal (Gargiulo et al., 2018). Indeed, a recent survey found that dairy producers
were more likely to adopt precision technologies if it improved labor efficiency (e.g.,
especially larger herds), or could alert the producer for potential early intervention (e.g.,
detect relative changes from a cow’s behavioral baseline; Gargiulo et al., 2018).
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Precision technology devices have been used to evaluate relative changes in activity
associated with estrus (e.g., Silper et al., 2015), relative changes in rumination patterns
and activity to detect parturition (e.g., Borchers et al., 2017), and relative changes in
feeding behavior and activity to detect metritis in cattle (e.g., Neave et al., 2018a). As of
current, researchers have identified associations of feeding behavior and activity for the
days prior to BRD diagnosis in calves. However, there remains a need to quantify the
effect of BRD status on the relative changes in behaviors of individual calves using
changes in an individual animal’s behavior to alert for problems.
The objective of this study was to identify which feeding behaviors (e.g., milk
intake, drinking speed, calf starter intake, rewarded and unrewarded visits) and activity
behaviors (e.g., lying time, lying bouts, step count, and an acceleration activity index)
were associated with BRD status in preweaned dairy calves before BRD diagnosis. The
second objective of this study was to determine if BRD status was also associated with
daily relative changes in feeding behavior and activity before BRD diagnosis. We
predicted that feeding behavior and activity would change prior to BRD diagnosis in
calves.

Materials and Methods
This study was conducted at the University of Kentucky Coldstream Research
Dairy Farm in Lexington, KY, USA from 28 May, 2018 to 9 September, 2019. All calves
enrolled were part of the Institutional Animal Care and Use Committee approval number
2018: 2864. This study and manuscript were conducted following the quality standards of
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Strengthening the Reporting of Observational Studies in Epidemiology Veterinary
Guidelines (Sargeant et al., 2016).
Enrollment criteria
On this case-control study we enrolled 66 calves (50 heifers and 16 bulls), where
33 BRD case calves incurring their first BRD diagnosis were matched to 33 healthy
control calves. We pair matched BRD calves to healthy calves by gender, identical
number of days in the group pen (e.g., exact age at time of BRD diagnosis), and
birthdate within one month (i.e. pair matches could be from different groups). Healthy
matched calves were negative for all diseases, never received antimicrobials, were
negative on the lung ultrasonography scoring system for lung consolidation, and were
negative for BRD on the Wisconsin Scoring System (McGuirk and Peek, 2014). The
calves enrolled on this study were health scored daily (e.g., defined in health exam
section) for signs of BRD, diarrhea and navel infection from birth to feeder day 50 (i.e.,
preweaning phase). We included BRD from the preweaning phase since weaning was
associated with increased variation in feeding behavior in calves (Neave et al., 2019a).
BRD calves met eligibility criteria for this study if they never received antibiotics for a
pre-existing health event.
Enrolled calves in this study were part of a larger cohort of 120 calves (73 heifers,
47 bulls) who were health scored daily (e.g., defined in health exam section) for signs of
BRD, diarrhea and navel health from birth until 14 d after weaning (87 ± 2.0 d of age;
mean ± SD). Calves were excluded from cohort enrollment and sold if they were a twin,
or had a serum BRIX of less than 8.0% at 48 h of life.
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Management and feeding
Newborn calves were moved to individual pens (3 x 3 m) in the calf barn and
were fed 4 L maternal colostrum ( 22% BRIX measured by digital refractometer) within
6 h of birth. Calves were weighed within 12 h of birth using an electronic scale
(Brecknell PS1000, Avery Weigh-Tronix LLC, and Fairmont, MN). Calf birth weights
were 39.50 ± 5.0 kg (mean ± SD). Each calf was fitted with a radiofrequency
identification tag in the left ear for identification by the automated feeder, and a
pedometer (IceQube, IceRobotics, and Edinburgh, Scotland) was attached above the
metatarsal of the rear left leg using a Velcro band to track activity behaviors. Calves then
received 6 L/d of 840 g milk replacer (Cow’s Match; Land O’ Lakes Animal Milk
Products Co., Shoreview, MN) divided into two bottle feedings until calves showed a
strong vigor by standing independently and suckling the bottle without pauses. Calves
were then trained to suckle milk from the automated feeder (CF100, Forster Technik,
Engen, Germany) and then moved from individual to group housing at an average age of
3.0 ± 1.5 d at the following morning feeding using techniques adapted from Neave et al.,
2019. Calves were assisted at the automated feeder every 12 h until they visited the
automated feeder independently. Calves no longer required assistance at the automated
feeder at a maximum of 4 assisted feedings. There was one automated milk feeder
located within a group pen (4.57 × 10.67 m) and the stocking density was 6 ± 3 calves
(mean ± SD); calves were moved to an identical adjacent pen with the same stocking
density using dynamic flow at an average age of 45.0 ± 3.0 d (mean ± SD) before
weaning.
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Calves were allotted up to 10 L (140 g/L) milk replacer/d from the automated
milk feeder (Cow’s Match Cold Front; Land O’ Lakes Animal Milk Products Co.,
Shoreview, MN) for 50 d, reduced to 50% allotment for 14 d, and then reduced to 20%
allotment for an additional 7 d until complete weaning at 70 d. Calves could consume
milk in a minimum meal size of 0.5 L and a maximum meal size of 3 L. Calves were
health scored daily for 14 d post-weaning, until the age of 87 ± 2.0 d of age (mean ± SD).
A separate automated starter feeder (Compact Smart, Förster-Technik, Engen,
Germany) was present in each pen and contained calf starter (Special Calf Starter and
Grower, Baghdad Feeds, Baghdad, KY); calves were also offered chopped alfalfa hay in
a trough (1.83 × 0.33 × 0.16 m). Both the automated milk feeder and the calf starter
feeder were calibrated weekly according to manufacturer instructions. All calves had ad
libitum access to an automated waterer. Calf starter and chopped alfalfa hay were
sampled weekly and immediately frozen at -20 C. Later, the feed samples were
weighed, dried in a forced air oven (Tru-Temp, Hotpack Corp., Philadelphia, PA) for 48
h at 55 C, and weighed again to calculate % dry matter. Then, weekly samples were
ground through a 1 mm sieve screen (Standard Model 3, Arthur H. Thomas Co.,
Philadelphia, PA), composited into monthly samples, and sent to a laboratory (River
Rock Lab, Watertown, WI) to determine nutrient composition (Appendix 1). Briefly,
starch was analyzed using the acetate buffer only method as validated by Hall, 2009.
Crude protein was analyzed according to the Dumas method as recently re-validated by
Wiles et al., 2020 with an N analyzer (FP-528; LECO, St. Joseph, MI, USA). Crude fat,
ash free NDF, and ADF were calculated using Ankom Technology (Macedon, NY,
USA). Crude fat was analyzed using high temperature extraction (Ramos, 2005). The ash
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free NDF, and ADF were analyzed using the cell wall fractionation method as described
in detail by Surendra et al., 2018. The ME kcal/kg was calculated according to the TDN x
0.04409 x 0.82 (NRC, 2001).
Health exams
Calves were health scored daily at approximately 8:30 h from birth until 2 weeks
post-weaning (87 ± 2.0 d of age) by 1 of 3 observers (inter-observer agreement κ > 0.90)
for the following signs of health events: BRD, diarrhea and sepsis as described in detail
in Cantor et al., 2021. In brief, Fleiss’ kappa was calculated every 4 mo. throughout the
study by having all observers go to a commercial facility on the same day to score the
health status of 40 calves where the health status of the calves was unknown to ensure
unbiased agreement. The main observer health scoring the calves was not blind to the
health status of the calves due to following calves daily. However, to minimize bias, only
the farm staff manager administered antimicrobial treatments to the calves, and the other
2 observers were blind to the health status of the calves.
Bovine Respiratory Disease signs were recorded daily by trained observers using
the Wisconsin Scoring System (McGuirk and Peek, 2014). The observer assigned a nasal
discharge score, eye discharge score, ear tilt score, cough score, and temperature score to
each calf every day. A trained observer performed the thoracic lung ultrasonography
scoring system on all calves twice weekly (e.g., every Tuesday and Friday) using a
portable linear rectal ultrasound (Ibex Pro, E.I. Medical, Loveland, CO) and 70%
isopropyl alcohol as a transducing agent; lung lobes of each calf were evaluated by 1 of 2
observers (inter-observer agreement Cohens’ kappa; κ = 0.90). The ultrasound was set to
a depth of 9 cm, frequency of 6.2 MHz, and gain of 23 dB (near 13 dB; far 36 dB). The
53

observers used the thoracic lung ultrasonography methodology first described by Ollivett
et al., 2015. Briefly, both sides of the thorax were scanned beginning at the scapula of the
calf with the probe held parallel to the rib. The observer first scanned the dorsal aspect of
the tenth intercostal space, advancing cranially toward the ventral aspect of the first to
second intercostal space (Ollivett et al., 2015).
The diagnosis and treatment of BRD of preweaned calves on this study required
two criteria set by the herd veterinary protocol for this research station. One criteria
required a calf to have a Wisconsin Scoring System score of ≥ 5, and two or more
examination parameters that were moderately (score of 2) or severely (score of 3)
abnormal (adapted from McGuirk and Peek, 2014). Also, this diagnosis was combined
with a thoracic lung ultrasonography scoring diagnostic criteria. As described in Dunn et
al., (2018), the consolidated lung appeared hypoechoic and both the bright white band at
the pleural interface and the reverberation artifact were absent, 3cm2 was used for lung
consolidation.
Thus, each calf had to meet both the Wisconsin Scoring System criteria and the
thoracic lung ultrasonography scoring criteria. The calf received antimicrobials on that
first day of both diagnostic criteria (hereafter day 0; BRD bout). Since the lung
ultrasonography scoring system was performed twice weekly, the calf’s most recent
ultrasound score was used in combination with the current day’s Wisconsin Score health
checks to determine a diagnosis per the herd veterinarian protocol and recommendation
by the responsible veterinarian team. On the same day of BRD bout diagnosis, calves
received enrofloxacin subcutaneously with dosage calculated by BW (Baytril, Bayer,
Leverkusen, Germany; 100 mg/15 kg) according to the herd veterinarian protocol. To
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avoid the severity of a BRD bout affecting later feeding behavior and activity levels, only
calves who were diagnosed with their first BRD bout were enrolled in the study.
Body weights were recorded twice weekly using an electronic scale (Brecknell
PS1000, Avery Weigh-Tronix LLC, and Fairmont, MN) from birth to 2 weeks postweaning for all calves.
Study population
From the cohort of calves with a BRD bout, 33/49 calves were eligible (25 heifers
and 8 bulls) who incurred their first BRD bout without ever receiving antibiotics for a
pre-existing health event and these calves were matched to control calves with complete
behavioral data. Calves with a BRD bout were diagnosed at an average age of 33.0 ± 9.0
d (mean ± SD) and weighed 56.1 ± 9.7 kg.
At the time of the study development, we did not have feeding behavior and
activity level data available to estimate effect sizes for these parameters for BRD calves
fed high allowances of milk replacer. Thus, for the power analysis, we wanted to assure
we would capture the population prevalence of BRD in calves. Since we were following
a cohort of animals for disease, we powered our study for the incidence of BRD bouts in
calves. The national producer survey reported BRD preweaning prevalence at 14%
(USDA, 2018). Thus, we made a priori calculation based our unpublished data and the
reported prevalence of disease to calculate the number of BRD bouts necessary and thus
the number of enrolled calves. Thus, we assumed a population incidence of 35% for BRD
in preweaned dairy calves. We calculated the herd’s true BRD incidence preweaning at
60% by assigning 2 researchers to score calves for BRD (Cohen’s kappa= 0.95) twice
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weekly for 9 mo. prior to this study. Therefore, at 80% power, with half-widths of 0.05,
we required 29 calves with a BRD bout. We also conducted a posteriori analysis with the
variance found in this study for the variables of interest, and the number of calves used in
the experiment was greater than the sample size required using the power analysis based
on the variance of all the variables of interest.
Automated technology data
Accelerometer activity (IceQube, IceRobotics, Edinburgh, Scotland) was recorded
at 16 Hz every min, and an automated summary was generated for each behavior for
every calf every 15 min and transmitted to a data cloud wirelessly. Daily summaries were
automatically generated by the software for each calf on the following behaviors: lying
bouts, lying time, and total step count following Silper et al., 2015. Moreover, an
acceleration activity index score was generated daily by an algorithm of this
accelerometer’s software (IceQube, Ice Robotics, Scotland). This algorithm evaluated
each calf’s average daily rate of acceleration on all three axes and included daily step
counts to generate an activity index (Gladden et al., 2020).
The automated feeder’s software (KalbManagerWIN, Förster-Technik, Engen
Germany) summed milk intake, calf starter intake and milk feeder visits (rewarded and
unrewarded visits) into daily summaries for each calf and transmitted the data to a data
cloud associated with the automated feeder software.
The temperature and humidity were recorded every 15 minutes by a data logger
(HOBO U23 Pro., Hobo, Onset Corp., Bourne, MA) placed in a pen in the calf barn and
all data was automatically transmitted to a data cloud for the duration of the study. The
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mean temperatures and humidity for each month were calculated. Winter was defined as
December through February and the mean temperature was 8.44 ± 5.07 C (mean ± SD);
the mean humidity was 76.52 ± 9.25 % (mean ± SD). Spring was defined as March
through May and the mean temperature was 13.13 ± 7.99 C (mean ± SD); the mean
humidity was 68.04 ± 12.11 % (mean ± SD). Summer was defined as June through
August and the mean temperature was 24.93 ± 3.74 C (mean ± SD); the mean humidity
was 75.38 ± 14.08 % (mean ± SD). Fall was defined as September through November
and the mean temperature was 14.77 ± 9.20 C (mean ± SD); the mean humidity was
81.51 ± 13.65 % (mean ± SD).
Statistical Analysis
All statistical analyses were performed in SAS version 9.4 (SAS Institute Inc.,
Cary, NC, USA). Descriptive analyses were performed, and were these were also used to
assess the data for completion. Data was verified for normality using the univariate
procedure (Proc Univariate) and probability distribution plots. Normality was also
investigated by visually examining the residuals from the linear mixed models (Proc
Mixed) and by testing covariance structures for model fit. Only three outliers were
detected in three healthy calves for all behaviors evaluated (i.e., data points beyond 3 SD
from the mean) and these calves were excluded.
Calf starter intake and unrewarded visits were not normally distributed and were
transformed accordingly (calf starter intake: common log with correction factor of 10g
for calf starter intake; unrewarded visits: common log with a correction factor of 5 visits).
The back-transformed geometric means minus the correction factors and the 95% CI are
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reported for both calf starter intake and unrewarded visits, with statistical significance
reported on the modeled transformed values. For the activity behavior variables, one
BRD calf did not have activity data recorded because of device malfunction, thus n=32
pairs were included in the activity behavior models.
For all linear mixed models in this study (Proc Mixed), multivariable models
were reduced by manual stepwise backward elimination, where predictors with a P-value
< 0.30 were retained in the models. Season was evaluated in all models as a fixed effect
and birthweight, Brix % serum IgG at 48 h of age, and calf age were tested as
quantitative covariates. Due to the collinearity observed during univariate analysis for the
covariates BRIX % IgG at 48 h of age and age enrolled on the feeder, these were
evaluated for model inclusion separately. If BRIX % IgG at 48 h of age was not
significant, age enrolled on the automated feeder was evaluated. We pair matched BRD
calves to healthy calves by gender, identical number of days in the group pen (e.g., exact
age), and birthdate within one month (i.e. pair matches could be from different groups).
Pair was a fixed effect in all models.
Effect of BRD status on average calf behavior
First, linear mixed models (Proc Mixed) were used to investigate the effect of
BRD status, and the BRD status x day interaction, on the average feeding behavior and
activity in preweaned calves for the 5 days prior to and including the day of diagnosis
(day -5 to day 0; referred to as “pre-diagnosis period”). Data from up to 10 days prior to
diagnosis were investigated, day -5 was selected due to model fit, and a lower Akaike’s
criterion. Models were designed with day as a repeated measure and calf as the subject
with an autoregressive first order (AR1) covariance structure. BRD status x day
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interactions at P < 0.20 were explored using linear mixed models by day (Proc Mixed).
This exploratory approach allowed us to describe the feeding behavior and activity levels
of calves as they approached a BRD diagnosis, and how these behaviors change. These
linear mixed models were used to investigate the daily behavioral patterns for each day
within the pre-diagnosis period (day -5, day -4, day -3, day -2, day -1 and day 0; referred
to as “daily measures”); calf was specified as a random effect in these models.
Following the exploratory nature of our study, variables that did not have a BRD status x
day interaction at P < 0.20 were still examined for daily behavioral patterns within the
pre-diagnosis period.
Effect of BRD status on relative changes in calf behavior
Effects of BRD status and the BRD status x day interaction on the relative
changes in feeding behavior and relative changes in activity over the pre-diagnosis period
were created with an identical modeling structure to that described above (Proc Mixed).
To determine the first day of unaffected behavior prior to BRD diagnosis, averages and
variances of feeding and activity behaviors were tested by day and were deemed similar
from day -5 to day -10 using Proc Npar1way. Thus, day -5 was set as the baseline, and
deemed the 100% level for each behavior by calf; relative change was then calculated by
dividing every calf’s individual behavior on every daily measure (day -4, day -3, day -2,
day -1 and day 0) by every calf’s behavioral baseline at day -5. As above, following the
exploratory nature of our study, BRD status x day interaction at P < 0.20 was examined
using linear mixed (Proc Mixed) models by day. We conducted these linear mixed
models for each day within the pre-diagnosis period (day -4 to day 0) to further explore
any effects observed in the overall pre-diagnosis period; calf was a random effect in all
59

models. Any variable which did not have a BRD status x day interaction at P < 0.20 were
still examined for relative changes in daily behavioral patterns within the pre-diagnosis
period.

Results
Effect of BRD status on average behavior over the pre-diagnosis period
The effect of BRD status, and the BRD status x day interaction on average feed
intake, feeding and activity behaviors during the pre-diagnosis period are presented in
Table 2.1. Briefly, BRD calves had lower milk intakes, greater lying times, and a lower
step count and acceleration activity index compared to heathy calves for the pre-diagnosis
period.
There was no effect of BRD status on unrewarded visits for the pre-diagnosis
period (F1, 31 = 4.72, P = 0.55; healthy calves = 1.94 [95% CI: 1.70-2.18], BRD calves =
2.09 [95% CI: 1.85-2.34] unrewarded visits; geometric mean [95% CI]); there was an
interaction of treatment and day (F10, 314 = 1.84, P = 0.05). For the interactions of
treatment and day, BRD calves tended to decrease unrewarded visits when day -5 was
compared to day -4 (P =0.08) day -3 (P =0.07), day -2 (P =0.09) and day -1 (P =0.09),
but not day 0 (P = 0.16), but no other days were different for BRD or healthy calves.
BRD calves consumed less calf starter during the pre-diagnosis period (F1, 31 = 4.72, P =
0.03; healthy calves = 66.55 g/d [95% CI: 27.39-105.72 g/d], BRD calves = 45.30 g/d
[95% CI: 23.19-67.40 g/d]; there was no interaction between treatment and day (F10, 314
=1.56, P = 0.21).
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Effect of BRD status on daily behaviors within the pre-diagnosis period
Figure 2.1 shows differences in feeding behavior between BRD and healthy
calves on each daily measure within the pre-diagnosis period. BRD calves drank less
milk on day -4 (F1,29 = 4.94, P = 0.03), day -3 (F1,29 = 6.14, P = 0.02), day -1 (F1,29 = 6.53,
P = 0.02), and tended to drink less milk on day -2 (F1,29 = 3.66, P = 0.07; Figure 2.1a),
but the other daily measures were not different (day -5 and day 0; P > 0.10) compared to
healthy calves. There was no effect of BRD status on any daily measure for drinking
speed (days -5 to 0; P > 0.10; Figure 2.1b), or rewarded visits (days -5 to day 0; P >
0.10; Figure 2.1c).
There was no effect of BRD status on unrewarded visits for any daily measure
(days -5 to day 0; P > 0.10); unrewarded visits on day 0 were (F1, 30 = 0.54, P = 0.47;
healthy calves = 1.67 [95% CI: 1.05-3.18], BRD calves = 1.12 [95% CI: 0.56-2.34]
unrewarded visits; geometric mean [95% CI]). BRD calves consumed less calf starter on
the day of BRD diagnosis (F1, 30 = 5.23, P = 0.03; healthy calves = 70.88 g/d [95% CI:
55.65-110.53 g/d]; BRD calves = 40.30 g/d [95% CI: 30.00-70.40 g/d], but the other
daily measures were not different (day -5 to day -1; P > 0.10) compared to healthy calves.
Figure 2.2 shows differences in activity behavior between BRD and healthy
calves on each daily measure within the pre-diagnosis period. BRD calves had greater
lying times on day -4 (F1,29 = 4.61, P = 0.04) and day 0 (F1,30 = 6.27, P = 0.02; Figure
2.2a), but the other daily measures were not different (day -5, day -3, day -2, day -1; P >
0.10) compared to healthy calves. BRD calves had fewer lying bouts on day -3 (F1, 29 =
4.09, P = 0.05), day -2 (F1, 29 = 4.02, P = 0.05), and tended to have lower lying bouts on
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day 0 (F1, 30, = 3.73, P = 0.06; Figure 2.2b), but the other daily measures were not
different (day -5, day -4 day -1; P ≥ 0.10) compared to healthy calves.
BRD calves had lower step counts on several daily measures (day -4, day -3,
day -2, day -1 and day 0; P ≤ 0.01) and tended to have lower step counts on day -5 (F1,28
= 3.21, P = 0.08; Figure 2.2c) compared to healthy calves. Finally, BRD calves had
lower activity indexes on several daily measures (day -4, day -3, day -2, day -1 and day 0;
P ≤ 0.01; Figure 2.2d), but day -5 was not different (F1,29 = 1.90, P = 0.18).
Effect of BRD status on relative changes in behavior over the pre-diagnosis period
The effect of BRD status and the BRD status x day interaction on relative
changes in feed intake, feeding and activity behaviors of calves during the pre-diagnosis
period are presented in Table 2.2. Briefly, there was an interaction with treatment and
day for relative changes in the unrewarded visits during the pre-diagnosis period,
suggesting BRD calves had lower relative changes in unrewarded visits compared to
healthy calves. Moreover, there was a treatment and day interaction with calf starter
intake, suggesting BRD calves had greater relative changes in starter intake over the prediagnosis period.
Effect of BRD status on daily relative changes in behavior over the pre-diagnosis
period
Figure 2.3 shows relative changes in feed intake and feeding behavior between
BRD and healthy calves on each day within the pre-diagnosis period. There was no effect
of BRD status on any daily measure for relative changes in milk intake (days -4 to 0; P >
0.10; Figure 2.3a), relative changes in drinking speed (days -4 to 0; P > 0.10; Figure
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2.3b), or relative changes in rewarded visits (days -4 to 0; P > 0.10; Figure 2.3c)
compared to healthy calves.
BRD calves had lower relative changes in calf starter intakes, suggesting a
decline in their calf starter intake on day 0 (F1,29 = 3.47, P = 0.04; Figure 2.3d), but the
other daily measures were not different (day -4, day -3, day -2 and day -1; P > 0.10)
compared to healthy calves. BRD calves had lower relative changes in unrewarded visits,
suggesting a decrease from their baseline unrewarded visits for day -4 (F1, 29 = 3.93, P =
0.03) and day -2 (F1, 29 = 4.74, P = 0.04; Figure 2.3e), but the other daily measures were
not different (day -3 and day 0; P > 0.10) compared to healthy calves.
Figure 2.4 shows relative changes in activity behaviors between BRD and
healthy calves on each day within the pre-diagnosis period. There was no effect of BRD
status on any daily measure for relative changes in lying time (days -4 to 0; P > 0.10;
Figure 2.4a) and relative changes in lying bouts (days -4 to 0; P > 0.10; Figure 2.4b)
compared to healthy calves. BRD calves had lower relative changes in step counts on day
-2, suggesting a decline in their activity (F1, 28 =1.02, P = 0.05; Figure 2.4c) compared to
healthy calves. There was no effect of BRD status on any daily measure for relative
changes in the activity index (days -4 to 0; P > 0.10; Figure 2.4d) compared to healthy
calves.

Discussion
The objective of this study was to identify which feeding and activity behaviors
were associated with BRD status in preweaned dairy calves before BRD diagnosis, and if
daily relative changes (i.e. demonstrating an increase or decrease in behavior) in these
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behaviors would be useful in the early detection of BRD. Overall, we observed that the
earliest feeding behavioral changes for BRD calves was reduced milk intake over the 5-d
before diagnosis, and a decline in unrewarded visits relative to baseline at 4 days prior to
diagnosis. BRD calves also differed in activity before diagnosis; these calves had greater
lying times, fewer lying bouts, lower step counts, and a lower activity index 4 days prior
to diagnosis. We suggest that feeding behavior and activity change prior to BRD
diagnosis in preweaned calves housed on automated feeders.
During onset of a BRD bout, calves in this study had lower milk intakes, and
showed a decline in unrewarded visits relative to baseline as early as 4 days before BRD
diagnosis compared to healthy calves. Changes in feeding behavior before diagnosis with
BRD are expected during onset of illness and have been observed by others (Borderas et
al., 2009, Johnston et al., 2016; Svensson and Jensen, 2007). Most recently, Duthie et al.,
(2020) identified that BRD calves offered milk at 16 L/d had fewer unrewarded visits at 3
days prior to BRD diagnosis, and had reduced milk intakes at 1 day before diagnosis, but
drinking speed was not affected. Our findings broadly agree with the findings of Duthie
et al., (2020), which may be due to a similar housing environment and a high milk
allowance of milk.
Milk allowance influences feeding behavior of calves (Rosenberger et al., 2017).
Thus, interpretation of behavioral changes in response to illness reported in other studies
must consider the milk allowance offered to calves. Many studies have offered a limited
daily allowance of milk to the calves (e.g., hereafter limited milk refers to 7 L/d or less),
making comparisons with the current study challenging. Some of the studies offering
calves limited milk allowances (7 or 8 L/d) found a decline in unrewarded visits before
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disease diagnosis, but not milk intake (Svensson and Jensen, 2007; Johnston et al., 2016;
Knauer et al., 2017). These studies reported conflicting findings for drinking speed, with
some reporting a difference in drinking speed in BRD calves on day of diagnosis (Knauer
et al., 2017; Johnston et al., 2016) and another study reported no relationship (Swartz et
al., 2017). Few studies evaluating the association of BRD with feeding behavior offered
intermediate levels of milk to calves (i.e., at least 10 L/d; as reviewed by Morrison et al.,
2021). Borderas et al., (2009) observed that sick calves decreased their milk intake, and
decreased their unrewarded visits, but not drinking speed when calves were offered
higher milk allowances, although these changes were detected only on the day of disease
diagnosis. However, Borderas et al., (2009) included all diseases (e.g., BRD, diarrhea and
ill thrift) in their analysis and offered ad libitum milk. Cramer et al., (2020) observed that
BRD calves offered milk ad libitum decreased their drinking speed 3 days before
diagnosis, but not milk intake or feeder visits.
The only differences observed in automated feeder studies which offered calves
limited milk was on the day of diagnosis (Swartz et al., 2017, Borderas et al., 2009 and
Johnston et al., 2016). One exception is that some studies have observed a decline in
unrewarded visits prior to calves becoming sick (Svensson and Jensen 2007, and
Johnston et al., 2016). Thus, we hypothesize that it is possible that feeding behavior
differences among studies are partially explained by different milk feeding strategies. For
example, the daily milk allotment (Rosenberger et al., 2017), meal size (Jensen et al.,
2020), and stocking density per nipple (Jensen et al., 2004) are factors that influence milk
feeding behavior of calves housed in automated feeding systems. The milk intake, calf
starter intake and unrewarded visits in our study were similar to those reported in
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Rosenberger et al., (2017) which offered a similar milk feeding strategy and stocking
density before step-down weaning to calves. Thus, we suggest that the feeding behavior
observed in our calves may be reflective of the BRD sickness behavior in calves offered
10 L/d milk replacer.
There was no association of BRD status with drinking speed in this study, which
agrees with others (Duthie et al., 2020, Borderas et al., 2009 and Swartz et al., 2017). On
the contrary, some have suggested that drinking speed was associated with disease
development in calves (Knauer et al., 2017, Cramer et al., 2020; and Johnston et al.,
2016). However, it is probable that differences between studies are also partially
explained by different disease definitions for BRD status. Most studies diagnosed BRD
according to the Wisconsin Scoring System, which has a lower sensitivity compared to
the thoracic lung ultrasonography scoring system (Buczinski et al., 2015). However,
Cramer et al., (2020) used both the Wisconsin Scoring System and thoracic lung
ultrasonography scoring system (≥1 cm2) to diagnose BRD in calves fed ad libitum milk
and observed slower drinking speeds, but no milk intake differences for the -3 days prior
to BRD diagnosis when compared to healthy calves. Our study defined BRD with a more
advanced lung consolidation (≥ 3 cm2) and our calves were offered less milk, which may
have contributed to differences in drinking speed. As previously suggested by Morrison
et al., (2021), we emphasize it is imperative for researchers to use consistent criterion for
BRD diagnosis to determine which feeding behaviors are associated with a BRD bout in
calves.
To our knowledge, there is very limited research investigating how calf starter
intake is affected before diagnosis with BRD, which changed on the day of BRD
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diagnosis in our calves. However, calves are highly motivated to consume milk during
the first few months of life (de Passillé, 2001), and feed motivation is dependent on milk
availability (de Passillé and Rushen, 2006). We suspect we found calf starter intake
differences prior to BRD since calves are less motivated to consume starter over milk.
For example, calves offered higher milk allotments (e.g. 10 L/d) vary in the age in which
they commence consuming 200 g/d of starter (e.g. 23 to 82 days of age; de Passillé et al.,
2011) as well as how much starter they consume prior to step-down weaning (de Passillé
and Rushen, 2016). Thus, we suspect our calves reduced their starter intake before
reducing milk intake before BRD onset due to their lower motivation to consume starter
over milk. Belaid et al., (2020) observed that veal calves decreased their starter bunk
visits prior to becoming sick, but these authors did not measure starter intake, making
comparisons with our study difficult. In dairy calves, Johnston et al., (2016) observed that
starter intake did not differ between preweaned BRD and healthy calves, although these
calves were offered limited milk allotments which may explain our study differences. It is
important to note that on this study, calves were consuming small amounts of starter.
Since the automated calf starter feeder must be calibrated weekly to reliably dispense
grain by 10 g variation, we acknowledge that this is a limitation to this study. However,
this work has a proof of concept that calves offered intermediate levels of milk may
sacrifice their solid feed prior to becoming sick. Thus, future research should investigate
the potential of the automated calf feeder to detect these small changes in starter intake in
preweaned calves.
Calves offered limited milk allotments experience signs of hunger (De Paula
Vieira et al., 2008), and calves offered similar milk allotments to our study reportedly
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consume less starter than limit-fed calves before weaning (Rosenberger et al., 2017).
Previous work has reported individual differences in calf starter intake of preweaned
calves (Neave et al., 2018b, Benetton et al., 2019), and thus individual differences in
changes in intake in response to illness may also be expected. Future research should
investigate if these changes in starter intake before BRD diagnosis are affected by milk
feeding strategy.
We also observed differences in activity levels in BRD calves before diagnosis, in
particular, increased lying time, less lying bouts, less step counts, and a smaller
acceleration activity index. The activity levels of healthy calves in our study were similar
to the lying times and lying bouts reported in healthy calves observed by Duthie et al.,
(2020), suggesting that our study findings may be reflective of calves housed in other
automated feeding systems of similar stocking densities. Calves decreased step count
relative to baseline at 2 days before BRD diagnosis on our study, which broadly agrees
with Swartz et al., (2017) who observed that BRD calves had fewer lying bouts (i.e. up to
-2 days prior to BRD detection) and less step counts (i.e. -1 days prior to BRD detection)
compared to healthy matched calves. Belaid et al., (2020) also observed differences in
step counts at -2 days prior to disease detection in veal calves. Similarly, we observed
greater lying times and less lying bouts in our calves at 4 days before diagnosis, which
broadly agrees with Duthie et al., (2020). Overall, our results agree with previous work,
suggesting preweaned calves may increase their lying times, and decrease activity
patterns such as steps and lying bouts prior to becoming sick.
These reported declines in activity levels before disease diagnosis may be an
example of sickness behavior, where activity is typically reduced to conserve energy for
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fighting illness (as reviewed by Cramer and Ollivett 2020). For example, calves
experimentally inoculated with Mannheimia haemolytica also expressed less activity
patterns including increased lying time, less lying bouts and less steps than healthy calves
(Hixson et al., 2018). Experimentally infected beef cattle also declined in their activity
and had increased lying times (Toaff-Rosenstein et al., 2016), suggesting that cattle
decrease behavioral activity prior to feeling sick. Collectively this research suggests that
cattle likely decrease their activity levels prior to BRD diagnosis.
Reduced activity may also arise as a result of changes in exploratory behavior or
due to self-isolating behavior. Calves diagnosed with BRD were less willing to approach
a novel person and a novel object (Cramer and Stanton, 2015), which was interpreted as a
change in exploration of the environment. Calves identified with BRD also had a greater
odds of depression such as abnormal posture, self-isolation from the group, and a
reluctance to stand (Cramer et al., 2019) compared to healthy calves. These measures are
often observed in calves with little activity, and often considered to be classical sickness
behavior. The acceleration activity index used in this study could also potentially be used
as an indicator of activity level in calves, as it was previously validated as an indicator of
locomotor play bouts (Gladden et al., 2020). Indeed, researchers remotely monitoring the
frequency of activity patterns in beef cattle could automatically discriminate between
healthy and sick animals (Smith et al., 2015). Future research should quantify if
acceleration activity levels and step count is associated with exploratory behaviors in
calves, which could then be automatically used to identify potential development of
illness.
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Our study together with previous work suggests there is potential to use precision
technology devices on farm to detect early onset of disease. However, one limitation to
this study is that we retrospectively evaluated calves classified with BRD status to
determine associations with behavior before disease diagnosis. However, we suggest that
future research needs to evaluate the potential of establishing baselines for calves using
precision technology devices to detect deviations in feeding behaviors and activity levels
in real-time. For example, automated calf feeders can be programmed to alarm for
deviations in feeding behaviors. Cantor et al., (2021) was able to ameliorate a BRD bout
in calves by administering colostrum replacer when an alarm on the automated feeder
was triggered (e.g., deviations in a 12-day rolling average milk intake and drinking
speed). While the use of alarms generated by precision technology devices could be
useful to manage dairy cattle, future studies should investigate the use of early
interventions based on precision technology data.
In this study, we found evidence that calves do deviate from baseline behaviors
(relative changes) including unrewarded visits, and step activity. For this study, we were
interested in exploring if relative changes in behavior were associated with BRD status
prior to diagnosis. However, future research is needed to extrapolate the individual
variability in these behaviors within a cohort and determine which deviations from
baselines are representative of animals who may become sick. This methodology has
identified a relationship between physiological measures and disease status in transition
cattle (Wisnieski et al., 2019). Thus, observations in this study suggest that there is the
potential to use relative changes in feeding behavior and activity to detect calves who
may have a BRD bout.
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One of the potential sources of bias in this study was the disease definition used to
diagnose BRD bouts in calves. We only enrolled calves in this first BRD bout and
compared them to healthy counterparts. We did this to limit variability in behavior that
may be attributed to recovery from previous diseases (e.g., diarrhea). However, we may
have influenced our findings by selecting only these calves. For example, including
calves recovering from other diseases would likely increase the variation in feeding
behavior and activity levels in the calves as they approached a BRD diagnosis. Thus, we
may have biased our findings by standardizing our research to this group of calves that
are experiencing the first bout of illness. Similarly, we required calves to have lung
consolidation at 3cm2 and signs of BRD based on the Wisconsin Scoring System. If we
had enrolled calves at an earlier BRD threshold, such as 1 cm2 as reported by Cramer et
al., (2020), we may have found different results. We used this 3 cm2 threshold on the
advice of the herd veterinarian and veterinarians on the IACUC team, who were using
this threshold to recommend antimicrobial treatment. Similarly, this was the definition
for BRD that was employed on the farm at the time of the IACUC approval and study
design. Thus, we suggest there is external applicability for some producers.
Similarly, there may be bias in our findings for relative change in behaviors. It is
currently unknown if the automated feeder and commercial accelerometer software can
detect deviations in relative changes in behavior at the levels observed on this study.
Thus, further work is needed to determine if these algorithms can be developed in real
time to work with these technologies. This study was exploratory in nature, so we suggest
that using deviations from an individual calf’s baseline and relative changes in behavior
may indicate a calf at risk for disease.
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Thus, moving forward, we suggest it is imperative that future research evaluates
the appropriate baselines to use to identify behavioral changes in calves. Furthermore,
consideration should be given towards if the precision technology can measure the
targeted differences between sick and healthy calves. For example, producers were highly
likely to ignore alarms for relative changes in transition cow behavior over time due to
poor predictive abilities of true disease and these alarms were generated by rumination
collars and activity pedometers (Eckelkamp and Bewley, 2021). This demonstrates a
need to develop more complex statistical techniques to determine which combination of
feeding behaviors and activity in calves results in a high accuracy and positive predicting
ability of true health events so that alarms are meaningful for producers. Machine
learning has been successful at identifying disease in cattle. For example, machine
learning identified dairy herds at risk for high prevalence of zoonotic diseases (e.g.,
Tuberculosis; Stański et al., 2021), outbreak patterns of disease such as mastitis (Hyde et
al., 2020) and relative changes in cow behavior at parturition which were indicative of
transition cow diseases (Sahar et al., 2020). Thus, we suggest that precision technology
devices in concert with machine learning techniques hold the potential for monitoring a
combination of behaviors for changes that may identify calves at risk for developing
BRD.
Especially promising indicators, based on our study findings, may be milk intake,
starter intake, lying time, lying bouts, step counts, relative changes in unrewarded visits,
and relative changes in step counts. At present, it appears that behavioral changes might
only be detectable 4 days before diagnosis of BRD in preweaned calves, but technique
refinements may reveal subtle behavioral changes earlier. Thus, we suggest future
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research should incorporate more complex statistical modeling (i.e. machine learning) to
determine which combination of feeding behaviors, activity behaviors, and farm
generated variables can accurately identify calves at risk of developing BRD.

Conclusions
Feeding behavior recorded by an automated feeder for calves offered 10 L/d was
associated with BRD status in preweaned dairy calves. Milk intake, starter intake, and
relative changes in unrewarded visits were the most robust feeding behaviors, with BRD
calves drinking less milk, and having greater relative changes in unrewarded visits as
early as 4 days before BRD diagnosis. Similarly, activity behaviors recorded by a
pedometer also changed in calves later diagnosed with BRD. Specifically, BRD calves
increased their lying time as early as 4 days prior to disease diagnosis and decreased their
step counts, lying bouts, and activity index at 4 days prior to disease diagnosis. This study
offers early evidence that behavioral changes measured by precision technology devices
may be associated with calves at risk for a BRD bout. Future advancements in the use of
precision dairy technology for calf management should focus on integrating multiple
systems to improve disease detection, and to develop alarms which identify at-risk calves
for producers.
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Table 2.1 Bovine Respiratory Disease and feeding behavior over the pre-diagnosis
period
The association of Bovine Respiratory Disease (BRD) status with the daily least
square means of feeding behaviors recorded by an automated milk feeder including
average drinking speed, milk intake and number of rewarded visits and activity recorded
by a pedometer including lying time, step count, acceleration index1, and lying bouts for
day -5 to BRD diagnosis (d 0) for preweaned, pair matched calves (n=33 pairs 2) offered
10 L of milk replacer/d. An interaction with treatment day and BRD status was explored.
ITEM

HEALTHY

BRD

SEM

F-VALUE

BRD

TREAT *

DEGREES FREEDOM

STATUS3

DAY

Milk intake (L/d)

9.41

8.58

0.16

13.111,31

0.001

0.66

Drinking speed

0.89

0.96

0.04

1.051,31

0.31

0.57

3.58

3.70

0.10

0.841,31

0.37

0.54

Lying time (h/d)

17.20

17.70

0.15

5.071,30

0.03

0.08

Lying bouts

20.49

18.72

0.68

3.431,30

0.07

0.71

Step count (step/d)

655.39

424.63

25.95

40.341,30

< 0.001

0.76

Acceleration

3491.97

2452.99

134.48

28.921,30

< 0.001

0.70

(L/min)

Rewarded visits
(visits/d)

(bout/d

activity index1

1

The acceleration activity index was generated by the commercial software algorithm
(IceRobotics, Scotland) based on a calf’s daily average acceleration rate and step count.
2 All calves were pair matched to healthy calves by age at diagnosis, birthdate, and gender.
Bovine Respiratory Disease was defined as a clinical score of at least 5 (McGuirk and Peek,
2014) and lobar lung consolidation as described in Buczinski et al., 2016.
3Significance P <0.05 and tendencies are reported at P ≥ 0.05 < 0.10.
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Table 2.2 Bovine Respiratory Disease and relative changes in behavior over the prediagnosis period
The association of Bovine Respiratory Disease (BRD) status with least square
means of relative changes (relative change) in feeding behaviors recorded by an
automated feeder including average drinking speed, milk intake, starter intake, number of
rewarded and unrewarded visits and relative changes in activity behaviors recorded by a
pedometer including daily lying time, lying bouts, total step count and an acceleration
activity index for -5 d to the day of BRD diagnosis (d 0) of preweaned, pair matched
calves (n=32 pairs) offered 10 L of milk replacer/d. Relative changes referred to d -5 as a
baseline. An interaction with treatment day and BRD status was explored.
ITEM

HEALTHY

BRD

SEM

F-VALUE

BRD

TREAT

DEGREES

STATUS

DAY

FREEDOM

Relative change milk

113.06

127.90

13.10

0.661,30

0.42

0.07

Relative change speed %

113.91

109.11

5.58

0.381,31

0.54

0.10

Relative change rewarded

115.86

126.38

0.09

0.771,31

0.39

0.14

105.77

99.46

1.55

8.501,31

0.001

0.04

105.31

111.56

4.80

0.861,30

0.36

0.05

108.00

102.96

3.24

1.221,30

0.27

0.06

103.50

97.81

3.33

1.451,30

0.24

0.97

145.20

116.60

12.96

2.511,30

0.12

0.40

136.37

112.21

9.26

3.511,30

0.07

0.48

intake %

visits %
Relative change
unrewarded visits %
Relative change starter
intake %
Relative change lying
time%
Relative change lying
bouts%
Relative change step
count %
Relative change index1%
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Figure 2.1. a-c Association of Bovine Respiratory Disease status with feeding
behaviors in preweaned calves
The association of Bovine Respiratory Disease (BRD) status 1 with milk intake (1a),
drinking speed (1b), and rewarded visits (1c), (LSM ± SEM) by day for preweaned, pair
matched calves (n=33 pairs2) offered 10 L of milk replacer/d by an automated feeder.
1Bovine respiratory disease was defined as a clinical score of ≥ 5 (McGuirk and Peek, 2014) and lobar lung consolidation ≥ 3 cm
2Sick calves were matched to healthy calves as a pair by gender, age, and season as a fixed effect in a linear mixed model.
Significance*(P ≤ 0.05) and tendencies^ (P < 0.10) indicate differences by BRD status by day

76

2

a)

77

b)

78

c)

79

Figure 2.2. a-d Association of Bovine Respiratory Disease status with activity levels
in preweaned calves
The association of Bovine Respiratory Disease (BRD) status 1 with lying time
(2a), lying bouts (2b), step counts (2c), and the acceleration activity index2 (2d) (LSM ±
SEM) by day for preweaned, pair matched calves (n=32 pairs3) offered 10 L of milk
replacer/d by an automated milk feeder.
1Bovine respiratory disease was defined as a clinical score of ≥ 5 (McGuirk and Peek, 2014) and lobar lung consolidation ≥ 3 cm

2

2The acceleration activity index was generated by a commercial algorithm (IceRobotics, Scotland) by recording the average daily rate
of acceleration and step count
3 Sick calves were matched to healthy calves as a pair by gender, age, and season as a fixed effect in a linear mixed model.
Significance*(P ≤ 0.05) and tendencies^ (P < 0.10) indicate differences by BRD status by day
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Figure 2.3. a-e Association of Bovine Respiratory Disease Status with relative
changes in feeding behaviors in preweaned dairy calves
The association of Bovine Respiratory Disease (BRD) status 1 with relative
changes in milk intake % (3a), relative changes in drinking speed % (3b), relative
changes in rewarded visits % (3c), relative changes2 in starter intake (3d), and relative
changes in unrewarded visits (3e) (LSM ± SEM) by day for preweaned, pair matched
calves (n=33 pairs3) offered 10 L of milk replacer/d, and starter, ad libitum by an
automated feeder.
1

Bovine respiratory disease was defined as a clinical score of ≥ 5 (McGuirk and Peek, 2014) and lobar lung consolidation ≥ 3 cm 2

2Relative changes were calculated with day -5 as a baseline (100%); relative changes were generated by dividing each day before
diagnosis (d -4 to d -1) and the day of diagnosis (d 0) by the baseline (day -5)
3Sick calves were matched to healthy calves as a pair by gender, age, and season as a fixed effect in a linear mixed model.
Significance*(P ≤ 0.05) and tendency^ (P < 0.10) indicate differences by BRD status by day
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Figure 2.4. a-d Association of Bovine Respiratory Disease Status with relative
changes in activity levels in preweaned calves
The association of Bovine Respiratory Disease (BRD) status with relative changes
in lying time (4a), relative changes in lying bouts (4b), relative changes in step counts
(4c), and relative changes in the acceleration activity index % (4d) (LSM ± SEM) by day
for preweaned, pair matched calves (n=32 pairs) offered 10 L of milk replacer/d, and
starter, ad libitum by an automated feeder.
1

Bovine respiratory disease was defined as a clinical score of ≥ 5 (McGuirk and Peek, 2014) and lobar lung consolidation ≥ 3 cm2

2Relative changes were calculated with day -5 as a baseline (100%); relative changes were generated by dividing each day before
diagnosis (d -4 to d -1) and the day of diagnosis (d 0) by the baseline (day -5)
3Sick calves were matched to healthy calves as a pair by gender, age, and season as a fixed effect in a linear mixed model.
Significance*(P ≤ 0.05) and tendency^ (P < 0.10) indicate differences by BRD status by day

a)

200

Relative changes lying time %

150

100

50

0
-5

-4

-3

-2

-1

Days relative to Bovine Respiratory Disease diagnosis
Healthy
Bovine Respiratory Disease

92

0

b)
200

Relative changes lying bouts %

150

100

50

0
-5

-4

-3

-2

-1

Days relative to Bovine Respiratory Disease diagnosis

Healthy

Bovine Respiratory Disease

93

0

c)

94

d)

Relative changes acceleration activity index %

200

150

100

50

0
-5

-4
-3
-2
-1
Days relative to Bovine Respiratory Disease diagnosis
Healthy
Bovine Respiratory Disease

95

0

CHAPTER 3. NUTRACEUTICAL INTERVENTION WITH COLOSTRUM REPLACER: CAN WE
REDUCE DISEASE HAZARD, AMELIORATE DISEASE SEVERITY, AND IMPROVE
PERFORMANCE IN PREWEANED DAIRY CALVES?
Introduction
Bovine Respiratory Disease (BRD) and diarrhea are significant causes of
morbidity in dairy calf operations and disease mitigation may increase farm efficiency.
According to a national producer survey, BRD and diarrhea affected 33% of preweaned
dairy calves, with a high majority of affected calves receiving antibiotics (BRD 95% and
diarrhea 76%; USDA 2018). It is essential to mitigate disease as the preweaning period is
the most economically intensive for heifer raising operations (Hawkins et al., 2019). For
example, BRD was estimated to cost $42 per calf (Dubrovsky et al., 2020) and treatment
for diarrhea was estimated to cost a median of $56 per calf (Goodell et al., 2012).
Furthermore, in the short term BRD (i.e. lung consolidation on ultrasound) was
associated with less preweaning average daily gain (Cramer and Ollivett, 2019). In the
long-term, BRD at weaning was associated with less milk production during the first
lactation (Dunn et al., 2018), and a reduced hazard of pregnancy, coupled with a reduced
hazard of producing milk in the first lactation (Teixeira et al., 2017). Similarly, diarrhea
identified preweaning was associated with a reduced hazard of pregnancy (Aghakeshmiri
et al., 2017). Therefore, it is of interest to mitigate incidence of BRD and diarrhea.
Moreover, lowering the duration of disease will improve calf welfare since disease is
metabolically costly and potentially painful for calves.
The dairy industry is under pressure to lower reliance on antibiotics, particularly
for sub-therapeutic use as reviewed by Placzek et al., 2020; thus, alternative therapies
should be considered for mitigating disease risk in calves. One potential alternative
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therapy is the use of nutraceuticals, which are nutritional interventions thought to have
positive effects on physiological status and health outcomes (Nasri et al., 2014). For
example, colostrum may be a nutraceutical intervention for calves as it has a high
immunoglobulin and lactoferrin content (Francesco et al., 2016), and has antiinflammatory properties (Lee et al., 2019). Interestingly, first-milking bovine colostrum
has been used as a preventative nutraceutical to ameliorate disease in human medicine
(Alexieva et al., 2011, Bagwe et al., 2015). Similar immune improvement has been
observed in parallel in other species: immunocompromised mice (Menchetti et al., 2020),
weaned piglets (Boudry et al., 2007), and dogs vaccinated for distemper (Satyaraj et al.,
2013). Moreover, 100 young Thoroughbred horses fed a colostrum nutraceutical (50 g/d)
for 4 months ameliorated disease duration (2 weeks) versus soy flour controls (4 weeks:
Fenger et al., 2016). Thus, bovine colostrum as a nutraceutical may improve immune
status in other species. To date, there is no work that has investigated the efficacy of
colostrum nutraceuticals as an intervention strategy for dairy calves at risk for disease.
However, there is literature which suggests feeding colostrum to healthy dairy calves as a
longer-term preventative feeding strategy may improve calf health outcomes.
There is preliminary evidence that healthy dairy calves benefit from the
preventative feeding, or extended feeding, of colostrum as a nutraceutical. For example,
calves fed colostrum replacer (150 g/d) during the first 14 d of life had a reduced
likelihood of abnormal feces, reduced likelihood of abnormal respiration, and a reduced
likelihood of receiving antibiotics (Chamorro et al., 2017). Different results were
observed at a lower dosage, where 30 calves receiving a colostrum nutraceutical at 70 g/d
had a lower likelihood of diarrhea, and a decreased likelihood of receiving antibiotics, but
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the likelihood of developing BRD were not different (Berge et al., 2009a). Moreover, a
recent study observed that partially replacing the milk diet with different levels of
colostrum at up to 700 g/d reduced the likelihood of diarrhea, improved performance, and
tended to reduce the risk of Bovine Respiratory Disease (Kargar et al., 2020). Similarly,
there is evidence that extended colostrum feeding for the first 21 days of life decreased
BRD morbidity for the first year of life and decreased diarrhea risk, while milk
production was higher for extended colostrum-fed calves during the first lactation
(Armengol and Fraile, 2020). Hence, there is the potential for colostrum to ameliorate
disease in dairy calves when fed as a preventative therapy. However, it is unknown if
colostrum can be used as an intervention feeding strategy to mitigate disease risk in
calves.
One limitation to feeding a colostrum nutraceutical across an extended period is
cost. Therefore, it is of interest to determine if an intervention provided to a calf during
early signs of disease development can reduce disease likelihood and ameliorate disease
bouts. Automated milk feeding systems which measure and record feeding behavior of
dairy calves are able to detect deviations in feeding behavior that have been associated
with disease development (Knauer et al., 2017; Sutherland et al., 2018). Therefore, the
objective of this study was to determine if intervention with one dose of a colostrum
replacer nutraceutical fed across three days (125 g/d in one L by bottle) versus a control
milk replacer (125 g/d in one L by bottle), offered to calves that triggered an automated
feeder alarm detected by the default automated feeder algorithm could ameliorate disease
bouts (BRD and diarrhea), reduce the likelihood of disease, and improve performance
(ADG) in calves offered intermediate levels of milk (10 L/d) for 50 days. We chose
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deviations in feeding behavior as an intervention point since an epidemiological study
found an association between negative deviations in feeding behavior up to 4 days prior
to disease in calves fed by automated feeders (Knauer et al., 2017). We hypothesized that
colostrum replacer would ameliorate disease bouts (BRD and diarrhea), and reduce the
likelihood of disease in calves, but would not impact performance.

Materials and Methods
This study was conducted at the University of Kentucky Coldstream Research
Dairy Farm in Lexington, KY from July 2018 to August 2019. This facility was selected
for the availability of dairy calves with a high prevalence of passive transfer in the herd
(90%), and due to the ability to blind farm staff to treatment assignments for this study. A
total of 120 calves were selected for this trial, of which 84 calves (42 placebo; 42
colostrum replacer) met the following enrollment criteria: removed from dam within 6 h
and fed maternal colostrum, had a serum BRIX of 8.4% at 48 h of life as a passive
transfer threshold (Deelen et al., 2014), were not a twin, and triggered an alarm on the
automated milk feeder between feeder d 14 to 50. All calves enrolled were part of the
Institutional Animal Care and Use Committee approval number 2018: 2864.
Management and feeding
Calves were randomly assigned (www.random.org) by due date in groups of 10 to
receive an intervention with either a daily dose (125g) of 50 g IgG colostrum replacer
fed for 3 days (CR; Premolac Plus, Zinpro, MN; % DM basis minimum 70% CP, and
maximum 8% fat, 0.2% crude fiber, 10% ash, and contained 4.65 Mcal of ME/kg) or a
daily dose (125 g) of placebo milk replacer (Milk replacer on a percentage DM basis was
99

a minimum 28% CP, 20% fat, a maximum 15% crude fiber, a minimum 1.0% calcium
and 0.70% phosphorus, and contained 4.87 Mcal of ME/kg, Cows Match, Land O Lakes,
Shoreview, MN). The treatment dose was fed at 11:00 by bottle to calves that received an
alarm that morning detected by an automated milk feeder (AMF; Forster-Technik,
Engen, Germany); the two researchers were not blind to treatment as the bottles needed
to be prepared across 3 d (1L 125g/d). Similarly, the calves received the placebo dose
milk replacer by bottle for 3 d (1L 125g/d).
No study has investigated the ability of a colostrum intervention to reduce BRD
incidence in calves. Thus, we powered this study based on true herd BRD incidence
(60%) calculated prior to the study with a 10% reduction in disease; we considered 10%
to be the minimum disease reduction required for colostrum to be considered as a
potential nutraceutical by producers. A power analysis showed that a total of 84 calves (n
= 42 per treatment) was required at 80% power to detect a 10% BRD incidence
difference, with half-widths at 0.05, and true herd BRD incidence at 60%. Our power
analysis for ADG showed that a total of 62 calves (n=31 per treatment) were required for
calves offered 10 L/d in an AMF at an average ADG 0.67 kg/d, with a variation of 0.07
kg/d as was observed in the literature (Rosenberger et al., 2017). The power analysis for
ADG projected a targeted difference of 0.05 kg/d between treatments in ADG for feeding
CR at 80% power, and half-widths at 0.05. The true herd incidence for BRD was
calculated by one trained researcher health scoring all newborn calves from birth until 2
weeks post-weaning twice weekly for 9 months using the UW Calf Health Scoring
System to define a new BRD case (48/80 BRD calves(McGuirk and Peek, 2014) prior to
this study. The AMF algorithm that was used was the default manufacturer alarm
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programmed into the automated feeder. The AMF algorithm generated a baseline feeding
behavior average for milk intake, and for drinking speed, based on the rolling 12 d
average for each calf. The AMF triggered an alarm when a calf deviated in milk intake
(20% reduction) or drinking speed (30% reduction) from this rolling baseline average.
Calves could trigger an AMF alarm from feeder d 14 to d 50.
Calves were removed from the dam within 6 hours after birth and placed in
individual pens (3 x 3 m) bedded with sawdust and were weighed using an electronic
scale (Brecknell PS1000, Avery Weigh-Tronix LLC, Fairmont, MN). Calves weighed
40.08 ± 5.46 kg (mean ± SD) at birth. Calves were fed 6 L/d of 840 g milk replacer
(Cow’s Match; Land O’ Lakes Animal Milk Products Co., Shoreview, MN) by bottle
divided into two feedings when housed individually. Calves were enrolled on the AMF
when a strong suckle reflex was present at an average age of 4.0 ± 2.0 d and placed in a
group pen (4.57 × 10.67 m) containing 6 ± 3 other calves and bedded with sawdust
shavings. Pens were cleaned, emptied, and bedding was removed and sanitized every two
weeks. To ensure calves in a pen were of similar size and age, calves were moved to an
identical adjacent pen with the same stocking density using dynamic flow at an average
age of 45.0 ± 3.0 d before weaning.
Calves were fed the first meal with human assistance on the AMF and received
human assistance every 12 h (maximum learning duration 4 feedings) until independent
milk consumption was observed. Calves were allotted up to 10 L (140 g/L) milk
replacer/d from the AMF (Cow’s Match; Land O’ Lakes Animal Milk Products Co.,
Shoreview, MN) for 50 days, reduced to 50% allotment for 14 days, and then reduced to
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20% allotment for an additional 7 days until weaning at 70 days. Calves were followed
for 14 d post-weaning.
The automated starter feeder contained a 22% CP starter (Calf Starter; Baghdad
Feeds, Shelby, KY). Calves were also offered chopped alfalfa in a trough (1.83 × 0.33 ×
0.16 m). Both the AMF and the starter feeder were calibrated weekly according to
manufacturer instructions. All calves had ad libitum access to water, starter, and chopped
alfalfa hay during the study period.
Health exams
Calves were scored daily beginning at birth to 2 weeks post-weaning at 88 ± 2.0 d
of age by 1 of 3 observers (inter-observer agreement κ > 0.90) for BRD using the UW
Calf Health Chart (McGuirk and Peek, 2014) which assigns and sums the nasal discharge
score, eye discharge score, ear tilt score, cough score, and temperature score. The interobserver agreement for health scoring was measured using Fleiss’ kappa every 4 months
throughout the study by having all observers go to a commercial facility on the same d to
score 40 calves where the health status of the calves was unknown to ensure unbiased
agreement. Similarly, 12 calves enrolled on a separate study and kept in a separate pen
raised at this facility (Woodrum Setser et al., 2020) were evaluated for inter-observer
agreement twice. Moreover, these 12 calves were scored using lung ultrasonography by
all 3 observers on one morning, then euthanized in the afternoon for another study; lungs
were retrieved and confirmed that the 3 observers diagnosed lung lobe status accurately.
Calves were rectally stimulated daily for fecal fluidity assessment, where a score
of 0 (solid no spread), 1 (solid spreads), 2 (semi-solid sits on bedding) were considered
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normal, whereas a score of 3 (fluid and sifts through bedding) indicated diarrhea (Renaud
et al. 2020). Weights were collected twice weekly using the same scale used to weigh
calves at birth. Lung ultrasounds were collected twice weekly using 70% isopropyl
alcohol as a transducing agent and by evaluating 5 lung lobes in each calf with 1 of 2
observers (inter-observer agreement Cohens’ kappa; κ = 0.90) with a portable linear
rectal ultrasound (Buczinski et al., 2018). In brief the ultrasound was set to a depth of 9
cm, frequency of 6.2 MHz, and gain of 23 dB (near 13 dB; far 36 dB; Ibex Pro, E.I.
Medical, Loveland, CO). A BRD score > 5 and lobar consolidation in any one lung lobe
≥ 3.0 cm2 was considered a BRD bout, as described in (Buczinski et al., 2018). All calves
with a positive BRD bout received enrofloxacin subcutaneously with dosage calculated
by body weight (Baytril, Bayer, Leverkusen, Germany; 1 cc/15 kg) according to the herd
veterinarian protocol. Calves who failed to respond to BRD bout antibiotic treatment
were not re-treated until 14 d after the first treatment. Failure-to-respond to antibiotic
calves were classified as a new BRD bout on d 15 if calves had an average BRD score >
5 from d 10 to 14 after antibiotic treatment and at least one lung lobe consolidation at ≥
3.0 cm2. Failure-to-respond calves were treated with tulathromycin (Draxxin, Zoetis
Animal Health, USA; 1 cc/45 kg, once at diagnosis, subcutaneously). Every health exam
also included palpation of the umbilical site and was graded as a score of zero (closed), 1
(open, normal), or 2 (swelling, clouded discharge infection) according to (Cantor et al.,
2019b). Only one calf presented with an umbilical infection and was eliminated from this
study and not enrolled.
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Statistical analysis

All statistical methods were carried out in SAS version 9.4 (SAS Institute, Cary,
NC, USA). Initially, descriptive statistics and residual diagnostics assessed the
relationship with all outcomes reported at the univariable level, using a cutoff of P < 0.20
for inclusion in the model. Normality was confirmed by visual assessment of residuals in
the model using quartile plots.

T-tests (Proc Ttest) were used to confirm there was no difference between
treatments for health status, weight, and feeding intake (milk and starter) on the day prior
to triggering the alarm, and differences in feed intake in the week after the alarm were
also assessed.

Efficacy of colostrum replacer on ameliorating disease
The effect of CR to ameliorate a BRD bout was calculated with a logistic model
(Proc Logistic) utilizing day for the 7 d prior to and after an alarm as fixed effects, with
milk intake as a covariate. The effect of CR to ameliorate a diarrhea bout was calculated
with a logistic model (Proc Logistic) utilizing day for the 7 d prior to and after an alarm
as fixed effects, with milk intake as a covariate.

Effect of colostrum replacer on survival from a disease bout
A survival analysis using Breslow methods (Proc Lifetest) was performed to
determine if treatment intervention affected the hazard of being positive for a BRD bout
in the 14-d following treatment. Calves were classified as healthy at 15 d if they were
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never diagnosed with a BRD bout. A survival analysis using Breslow methods was also
performed to determine if treatment intervention affected the hazard of being positive for
a diarrhea bout in the 14-d following treatment. Calves were classified healthy at 15 d if
they were never diagnosed with a diarrhea bout.

Effect of colostrum replacer on likelihood of a disease bout
A Cox-Proportional Hazards model (Proc Hazard) evaluated the effect of CR on
the hazard of a BRD bout using the Nelson-Aalen Cumulative Hazard method. NelsenAalen cumulative hazards were used since the probability of survival from a disease bout
generated in these calves was for a short duration of 14 days. A Cox-Proportional
Hazards model also evaluated the effect of CR on the hazard of a diarrhea bout with sex
as a fixed effect using the Nelson-Aalen Cumulative Hazard method. In the Cox
proportional hazards model, proportionality assumption was tested graphically using loglog plots. No outliers were found in any of the models.

Effect of colostrum replacer on improving performance
The effect of CR on the ADG during the 7 d after the intervention was
determined using a mixed linear model (Proc Mixed) with dam parity, feed intake, and
BRD status as covariates, repeated by day, calf as a subject, and birth date as a random
effect. Sex was evaluated for its association with ADG, but it was not significant and was
removed from the model. The effect of CR on ADG for the 2 weeks post weaning was
also evaluated with a mixed linear model, with BRD status and starter intake as
covariates, repeated by day and calf. To ensure outliers did not have leverage,
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standardized residuals were plotted against predicted outcomes to assess for model
leverage, though no extreme outliers were identified.

Results
Descriptive Statistics
A total of 120 calves were followed, but 2 calves did not meet enrollment criteria
(failed transfer of passive immunity), 1 calf had an umbilical infection prior to
enrollment, and 27 calves never triggered an alarm from day 14 to 50. There were 6
calves (3 placebo and 3 CR) which refused the bottle on one of the three days of
intervention, and thus, these 6 calves were not enrolled in the analysis due to failure to
complete the treatment. A total of 84 calves with 14 bulls and 28 heifers per treatment
(42 colostrum and 42 placebo) triggered an alarm from the AMF (112 alarms), drank the
bottle on all 3 d, and were assigned to a treatment group (n = 59 alarms placebo, n = 53
CR alarms). Only the first alarm was considered for all health outcomes (42 placebo and
42 CR calves). Treatment groups did not differ on the d before alarm for health status
(BRD: 4 placebo, 3 CR; diarrhea: 14 placebos, 13 CR), or body weight (56.34 ± 2.31 kg
placebo and 57.19 ± 2.20 kg CR, mean ± SE; P > 0.10). Similarly, health status was not
different on the day the alarm was triggered and no new cases of BRD or diarrhea were
present. Calf age was also not different on the day the alarm was triggered (31.63 ± 1.67
d placebo and 32.51 ± 1.67 d CR; P > 0.10). Similarly, average milk intake on the day
prior to the alarm was not different between treatments (7.91 ± 0.23 L placebo and 7.87 ±
0.29 L CR; P >0.10). Starter intake was also not different between treatments on the day
prior to the alarm (0.15 ± 0.06 kg placebo and 0.18 ± 0.04 CR; P > 0.10).
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For the week after treatment intervention, milk intake was not different between
treatments (8.17 ± 0.11 L/d placebo and 8.18 ± 0.10 L CR; P > 0.10) but starter intake
was greater for CR calves (0.16 ± 0.02 kg/d placebo and 0.28 ± 0.02 kg/d CR; P <
0.0001). Similarly, starter intake post-weaning was different between treatments (3.52 ±
0.09 kg/d placebo and 4.08 ± 0.10 kg/d CR; P <0.0001).
Efficacy of colostrum replacer on ameliorating disease
Placebo calves had a 1.64 (95% CI: 1.11-2.43; P =0.01) times greater likelihood
of being positive for BRD compared to CR calves for the 7-d following intervention (18
placebo calves vs. 11 CR calves). Moreover, placebo calves had a 1.50 (95% CI: 1.152.08; P = 0.01) times greater likelihood of having lobar lung consolidation than CR
calves for the 7-d following intervention (21 placebo calves vs 14 CR calves). No
difference was found in the likelihood of diarrhea between groups for the 7-d following
treatment intervention (OR 0.91; 95% CI: 0.71-1.16; P > 0.10; 11 placebo calves and 12
CR calves).
Effect of colostrum replacer on survival from a disease bout
Bovine Respiratory Disease
A BRD bout was defined as a calf developing at least lobar lung consolidation ≥
3.0 cm2 and a BRD score of > 5. Placebo calves had 2.38 times (95% CI: 1.30-4.33)
greater hazard of incurring a BRD bout in the 14 days post-intervention compared to CR
calves (P = 0.001). Treatment intervention evaluated by Breslow survival curves for the
14 days post-treatment were significantly different (Figure 3.1; P =0.001). For example,
the first quartile (25%) of placebo calves were already positive for BRD by day 3 (95%
107

CI: 1-5), and placebo calves were positive for BRD on average at 7.50 ± 0.82 days (mean
± SE) post-treatment. In contrast, the first quartile of CR calves was positive for BRD
later at day 7 (95% CI: 5-8) and CR calves were positive for BRD on average at 10.51 ±
0.63 days post-treatment. Moreover, a placebo calf’s Nelson-Aalen Cumulative Hazard
of having BRD by day 14 was 1.09 ± 0.22 (± SE), and the Breslow survival probability of
remaining healthy on day 13 was 0.33. Alternatively, a CR calf’s Nelson-Aalen
Cumulative Hazard of having BRD by day 13 was 0.50 ± 0.12, and the Breslow survival
probability of remaining healthy was 0.60. The proportion of calves who were positive
for BRD in the 14 days after intervention is summarized in Table 3.1.
Diarrhea
The hazard of incurring diarrhea in the 14 days post-intervention was not
different by treatment intervention (P =0.18). Similarly, the treatment intervention
survival curves for the post-treatment intervention had overlapping Hall-Welner
confidence interval bands and were not significantly different (Figure 3.2; P = 0.16). For
example, the first quartile of calves was positive for diarrhea by day 3 for placebo (95%
CI: 2-5), and day 4 for CR (95%: CI 3-7). Nearly all calves had a diarrhea event (Table
3.2); the Nelson-Aalen cumulative hazard of a diarrhea bout by day 9 was placebo 0.84 ±
0.18 (± SE), and CR 0.70 ± 0.15.
Effect of colostrum replacer on improving performance
The final weight of calves 2 weeks-post weaning was (mean ± SD) 104.1 ± 18.17
kg for placebo and 104.3 ± 18.78 kg for CR. Average daily gain was not affected by
treatment intervention for the 7-d following intervention (placebo 0.73 ± 0.07 kg/d and
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CR 0.70 ± 0.08 kg/d; P >0.10 LSM ± SEM). The ADG for calves from birth to 90 days
of age (2 weeks post-weaning) was also not different by treatment (placebo 1.12 ± 0.11
kg/d and CR 0.96 ± 0.11 kg/d; P > 0.10). Similarly, ADG was not associated with
treatment intervention for the 2 weeks-post weaning (placebo 1.26 ± 0.08 kg/d and CR
1.17 ± 0.08 kg/d; P >0.10).

Discussion
The objective of this study was to determine if we could ameliorate BRD or
diarrhea bouts, reduce the likelihood of these diseases, and improve performance by
feeding a CR intervention to preweaned calves who triggered a feeding behavior alarm.
We found that CR may serve as a nutraceutical for preweaned calves, as it reduced the
hazard of a BRD bout, and increased the probability of remaining healthy 15 d after
intervention. However, we did not observe any effect of CR intervention on ameliorating
diarrhea or improving performance. To our knowledge, this is the first study to evaluate
the effect of early intervention of a colostrum replacer nutraceutical in response to a
change in feeding behavior alarm. Early intervention with CR may improve calf welfare
as BRD is one of the leading causes of mortality in preweaned calves (Dubrovsky et al.,
2019a). Similarly, BRD is economically costly to treat (Dubrovsky et al., 2020), and
negatively affects ADG (Cramer and Ollivett, 2019) and future milk production (Dunn et
al., 2018). However, we acknowledge that one limitation to this study is that some of our
researchers were not blind to treatment assignments after the colostrum or placebo
feedings. Also, the AMF alarm utilized in this trial has not been previously used as a
proxy for intervention in dairy calves. Nonetheless, preventing BRD by intervening with
CR when an AMF alarm is detected may improve the welfare of calves.
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There was a preventative benefit of reducing the likelihood of BRD in calves
treated with colostrum replacer. While we fed our calves for a short duration, our results
agree with the literature which fed bovine colostrum for an extended period of several
days. For example, colostrum as a nutraceutical decreased the likelihood and duration of
respiratory disease in calves (Chamorro et al., 2017), and ameliorated duration of
respiratory infection in juvenile racehorses (Fenger et al., 2016). Specifically in calves,
research has shown feeding 150 g/d colostrum to younger calves from day 0 to 14 days of
age reduced the likelihood of BRD preweaning (Chamorro et al., 2017). Moreover, a
more recent, long-term study observed that extended feeding of colostrum for 21 days
reduced BRD risk for the first year of life, and increased first lactation milk production
(Armengol and Fraile, 2020). However, a recent study which partially replaced the milk
diet with colostrum from birth until 14 d (doses included 0, 350 or 700 g/d), found only a
tendency for BRD to be lower in calves (Kargar et al., 2020). We suspect Kargar et al.,
(2020) only found a tendency due to a low observed prevalence of BRD in their
population of calves. In general, our results agree with the literature in calves and in other
species that colostrum may reduce the risk of respiratory ailments. However, in this
study, we did not evaluate the effect of colostrum replacer on the severity of lobar
consolidation as we were not powered for magnitude effects. Future research should
determine which component in colostrum is responsible for lowering BRD risk, and the
effect of colostrum replacer on the severity of lobar consolidation in calves.
While the intervention of colostrum replacer did not reduce the likelihood of
diarrhea in our calves, preventative feeding of extended colostrum to calves during the
first 14 d of life has been found to reduce the risk of diarrhea (Chamorro et al., 2017)
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Specifically, colostrum fed for 14 d reduced likelihood of diarrhea, number of days sick
with diarrhea and number of antibiotic treatment days received compared to controls
(Berge et al., 2009). Similarly, feeding 750 ml of lipolyzed bovine colostrum fed at 24
hour of life reduced incidence of diarrhea in calves, although this was not seen in older
calves at 48 h or 72 h of life (Dezfouli et al., 2007). Moreover, others found that
preventative feeding with colostrum for 21 d reduced the likelihood of diarrhea for 180
days of life (Armengol and Fraile, 2020). Our results probably differed from other studies
because we did not feed CR for a long duration. Instead, we fed our calves one dose (50
IgG for 3 days) of CR at a shorter interval and our calves were much older (i.e., a month
old at the time of intervention). Calves are most at-risk for diarrhea from birth until
approximately 14 days of age, when passive immunity provided from colostrum is low
(Cortese, 2009), or until 21 days of age when innate immunity is naive against endemic
pathogens such as protozoans as reviewed by Cho and Yoon, 2014. Since we chose to
provide the AMF a 12-d acclimation period for an algorithm to establish an average, it is
possible we missed the high-risk period for diarrhea in our calves. Future research should
determine if younger calves receiving an AMF-based colostrum intervention would lower
the risk of diarrhea.
We did not observe an effect of colostrum replacer on ADG in this study.
Research has shown that extended feeding of colostrum by partially replacing the milk
fed diet for 14 days with either 0 g, 350 g, or 700 g/d colostrum improved performance in
calves at 81 days of life (Kargar et al., 2020). Similarly feeding calves by partially
replacing the milk meal with colostrum (2.3 L) for the first 21 days of life, resulted in
greater first lactation body weights, though early life weights were not recorded
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(Armengol and Fraile, 2020). Thus, the literature suggests that calves fed colostrum for
extended periods had positive average daily gain effects. Our results may have disagreed
with these studies because we fed a much lower dose of colostrum for a shorter duration
(i.e., 125 g for 3 days). Alternatively, it is possible that we did not find an effect of CR on
ADG because the placebo calves received milk replacer that contained more energy (i.e.,
0.22 ME/kg) than the colostrum replacer. Thus, in our study, ADG was not affected in
CR fed calves when the placebo calves received a high energy milk replacer. It is
possible that if we had offered the placebo calves a negative control, or even a milk
replacer with a lower ME/kg, CR at this dosage may have positively impacted average
daily gain. Future research should investigate if CR at this dosage compared to a negative
control positively affects ADG in calves.
In summary, we observed that colostrum supplementation during a time
characterized by negative deviation in average milk intake and drinking speed resulted in
reduced likelihood for the calf to develop BRD in the following 15 days, but there was no
effect on development of diarrhea or performance over this period. While colostrum in
our study did not reduce the likelihood of diarrhea, our calves triggered alarms at a month
of age and were past the at-risk period for pathogenic diarrhea. Future research needs to
identify whether protein, specific amino acids, IgG, lactoferrin or another component in
colostrum is responsible for improved respiratory health in older calves. Similarly, a lack
of effect of colostrum on performance was likely a result of a high plane of nutrition
being offered to the calves. Colostrum many ameliorate BRD in preweaning calves, and
the use of an AMF negative deviation in feed intake may be a potential intervention tool.
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Conclusions
Colostrum offered as a nutraceutical at 125 g per day for three days (50 IgG per day)
ameliorated BRD bouts and reduced the likelihood of BRD. However, there was no effect
of colostrum treatment on amelioration of diarrhea, which may be related to the older age
at which calves were treated (i.e., at one month of age). There also was no effect of
colostrum treatment on performance, perhaps because calves were only offered colostrum
replacer for three days. This study offers early evidence that colostrum intervention can
improve calf health. Future work is required to determine which components in
colostrum are most effective, and whether colostrum intervention at younger ages may
also reduce diarrhea risk.
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Table 3.1 Proportion of preweaned dairy calves (n=84) with a Bovine Respiratory
Disease bout for 14 days following intervention with either 1 L of 125 g milk
replacer or colostrum replacer for 3 days
Proportion of preweaned group-housed calves (n=84) with a Bovine Respiratory
Disease (BRD) bout 14 days following intervention by a treatment of 1 L 125 g for 3 d of
milk replacer (Placebo) or colostrum replacer (Colostrum Replacer) after triggering a
health alarm on automated feed system for negative deviations in milk intake or drinking
speed. Censored calves remained healthy at 15 d and failed calves were diagnosed with a
Bovine Respiratory Disease bout within 14 days following intervention.
Summary of the Number of Censored and Uncensored Values
Stratum

Treatment

Total

Failed Censored

Percent
Censored

1

Placebo

42

29

13

31.0

2

Colostrum

42

17

25

59.5

84

46

38

45.2

Replacer
Total
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Table 3.2 Proportion of preweaned dairy calves (n=84) with a diarrheal bout for 14
days following intervention with either 1 L of 125 g milk replacer or colostrum
replacer for 3 days
Proportion of calves with a diarrhea bout after triggering an alarm on an
automated feeder for negative deviations in milk intake or drinking speed 14 days
following intervention by a treatment of 1 L 125 g for 3 d of milk replacer (Placebo) or
colostrum replacer (Colostrum Replacer). Censored calves remained healthy at 15 d and
failed calves were diagnosed with a diarrhea bout within 14 days following intervention.
Summary of the Number of Censored and Uncensored Values
Stratum

Treatment

Total

Failed

Censored

Percent
Censored

1

Placebo

42

27

15

35.7

2

Colostrum Replacer

42

22

20

47.6

84

49

35

41.7

Total
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Probability of remaining healthy

Figure 3.1. Probability of calves remaining negative for Bovine Respiratory Disease
for the 14 days after receiving either 1 L of 125 g milk replacer or colostrum
replacer for three days
Breslow survival probability estimates (P < 0.01) with number of subjects (n=84;
42 colostrum replacer, 42 placebo) at risk for a Bovine Respiratory Disease bout. Day 0
represents when an automated feeder alarm (negative deviation in baseline milk intake or
drinking speed) was detected for a calf. All calves received 125 g in 1 L for 3 d of either
milk replacer, or colostrum replacer. Day 15 represents calves who remained healthy.
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Figure 3.2. Probability of calves remaining negative for a diarrheal bout for the 14
days after receiving either 1 L of 125 g milk replacer or colostrum replacer for three
days
Breslow survival probability estimates (P < 0.01) with number of subjects (n=84;
42 colostrum, 42 placebo) at risk for a diarrheal bout. Day 0 represents when an
automated feeder alarm (negative deviation in baseline milk intake or drinking speed)
was detected for a calf. All calves received 125 g in 1 L for 3 d of either milk replacer, or
colostrum replacer. Day 15 represents calves who remained healthy.
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CHAPTER 4. BEHAVIORAL CHANGES ASSOCIATED WITH RECOVERY IN DAIRY CALVES
TREATED WITH ANTIMICROBIALS FOR BOVINE RESPIRATORY DISEASE

Introduction
Bovine Respiratory Disease (BRD), a disease of the upper or lower respiratory
tract in cattle, is a welfare challenge to manage; it also is the leading cause for
antimicrobial use on calf raising operations (Urie et al., 2018). This disease causes
physiological changes such as inflammation of the respiratory tract (Bednarek et al.,
1999), which leads to coughing, pain, a febrile response, and activation of the HPAimmune axis, resulting in the display of sickness behaviors by the inflicted animals (Hart
and Hart, 2019). Some examples of sickness behavior related to BRD bouts in dairy
calves can be passively recorded by precision technology devices such as depressed
feeding behavior with automated feeders as reviewed by Morrison et al., 2020, and
reduced activity levels with accelerometers, as reviewed by Costa et al., 2020. Other
sickness behaviors in calves were directly observed (i.e., video recordings) such as selfisolation behavior (Cramer and Stanton, 2016), depressive behaviors with signs of
physical pain (Cramer et al., 2019), labored breathing (Love et al., 2016), and lateral
lying (Hixson et al., 2018). Thus, a change in a calf’s affective state likely has welfare
consequences when a calf experiences a BRD bout and the time a calf experiences
disease should be minimized (Bull et al., 2021).
Bovine respiratory disease (BRD) also presents a sustainability issue due to the
possibility of antimicrobial resistance; calves often require multiple antimicrobial
interventions to treat the disease and the symptoms. For example, BRD calves often have
poor response to additional antimicrobial interventions (Welling et al., 2020), leading to
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chronic pneumonia (Heins et al., 2014, Welling et al., 2020), and potentially death (Heins
et al., 2014, Welling et al., 2020). Therefore, identifying recovery status in cattle with
BRD is a welfare challenge and a sustainability issue.
Effectiveness of antimicrobial intervention is less than optimal for BRD bouts in
calves. For example, nearly a fifth of initial BRD bouts treated were relapsed cases, and
some of these calves died (Welling et al., 2020). Similarly, the pathogens involved, and
the class of antimicrobials used can affect the cure rate suggesting a need to quantify
recovery status in these calves promptly. For example, multiple in vitro studies
demonstrated some of the most common pathogens associated with BRD had a high
minimum inhibitory concentration for most of the commercially available antimicrobials
used to treat BRD in beef calves as reviewed by Lysnyansky and Ayling, 2016. This may
partially explain why relapsed calves are common and are at a much greater likelihood
for chronic pulmonary disease and mortality (Heins et al., 2014, Welling et al., 2020).
However, there is also a lag between antimicrobial intervention and resolution of clinical
symptoms in recovered BRD calves, complicating the detection of compromised calves
as reviewed by Cramer and Ollivett, 2020. One potential solution is to use behavioral
changes (i.e., sickness behaviors) to identify recovery status in these calves and provide
prompt interventions.
Sickness behavior in relapsed cattle is like that associated with the initial BRD
diagnosis, where decreased feed intakes, signs of depression, lethargy, and labored
breathing are observed prior to clinical re-presentation (Skogerboe et al., 2005). Indeed,
researchers determined that a reticulorumen bolus was more sensitive at detecting
recovery status than using only clinical symptoms in beef cattle who recently received an
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antimicrobial intervention for BRD (Lhermie et al., 2017). However, research is limited
since precision technology devices were initially developed to alert for deviations in
behavior before the initial diagnosis of clinical disease (Eckelkamp and Bewley, 2020).
Calves who respond to the initial antimicrobial intervention should resume behavioral
baseline behavior as convalescence approaches. In contrast, it is likely that BRD calves
who relapse from the initial antimicrobial intervention experience depressed feeding
behavior and reduced activity, but this research is still needed.
Sickness behaviors often occur prior to clinical presentation since the immune
system activates the HPA-axis upon initial detection of a pathogen. Depressed feed intake
was identified as the most accurate and sensitive sickness behavior in cattle, with changes
several days before BRD diagnosis (Kayser et al., 2020). However, lethargic behavioral
changes such as increased lying times and fewer lying bouts were also indicators of BRD,
though more individual variation was present in sick animals (Kayser et al., 2020).
Depressed feeding behavior and reduced activity levels were also observed a few days
before diagnosis of metabolic diseases in lactating dairy cattle (Dittrich et al., 2021) and
before the initial BRD diagnosis in calves (Swartz et al., 2017, Duthie et al., 2021).
Furthermore, precision livestock researchers suggested that a combination of precision
technology devices (automated feeder, accelerometer, and a reticulorumen bolus) could
detect BRD status in cattle several days earlier than staff (Kayser et al., 2018). Thus, we
suggest that there is real potential to use precision technology devices to monitor for
sickness behaviors to detect recovery status in calves. The use of sickness behavior to
indicate recovery status in livestock may be a new frontier for precision technology
devices that requires investigation.
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The objective of this study was to evaluate if recovery status was associated with
daily changes in feeding behavior and activity in dairy calves for the 10 days after
antimicrobial intervention. We also evaluated if recovery status was associated with
relative changes in feeding behavior and activity on an individual basis (i.e., a calf
increases or decreases its behavior in response to initial BRD diagnosis and antimicrobial
therapy). We hypothesized that relapsed calves would show depressed feeding behavior
and reduced activity levels compared to recovered calves.

Materials and Methods
This study was conducted at the University of Kentucky Coldstream Research
Dairy Farm in Lexington, KY from 28 May 2018 to 9 September 2019. All calves
enrolled were part of the Institutional Animal Care and Use Committee approval number
2018: 2864. This study and manuscript were conducted following the quality standards of
Strengthening the Reporting of Observational Studies in Epidemiology Veterinary
Guidelines (Sargeant et al., 2016).
Management and feeding
Detailed information on calf management and feeding are outlined in Chapter 3.
Briefly, calves were trained to drink milk from an automated feeder (CF100, Forster
Technik, Engen, Germany) at 3 days of age and were fitted with a leg-based
accelerometer (IceQube, IceRobotics, Edinburgh, Scotland). Calves were housed in
group pens of 6 ± 3 calves (mean ± SD) and offered up to 10 L (140 g/L) milk replacer
per day from the automated milk feeder (Cow’s Match Cold Front; Land O’ Lakes
Animal Milk Products Co., Shoreview, MN) until 50 d of age after which weaning
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occurred. Calves were also offered calf starter (Special Calf Starter and Grower, Baghdad
Feeds, Baghdad, KY) from an automated dispenser (Compact Smart, Förster-Technik,
Engen, Germany), chopped alfalfa hay in a trough, and water from an automated waterer.
Health exams
Calves were health scored daily at approximately 08:30 h from birth until 2 weeks
post-weaning (87 ± 2.0 d of age) by 1 of 3 observers (inter-observer agreement κ > 0.90)
for Bovine Respiratory Disease (BRD), diarrhea and sepsis as described in detail in
chapter 3. Fleiss’ kappa was calculated every 4 mo. throughout the study by having all
observers go to a commercial facility on the same day to score the health status of 40
calves where the health status of the calves was unknown to ensure unbiased agreement.
Since the calves were followed daily for health events, the main observer was not blind to
disease outcomes. However, to limit observational bias, the other 2 researchers were
blind to antimicrobial interventions, and the farm staff administered all antimicrobial
treatments to calves.
Bovine respiratory disease symptoms were recorded using the Wisconsin scoring
system (McGuirk and Peek, 2014) with a trained observer who assigns scoring (0 normal
to 3 severely abnormal) on: abnormal presentation of cloudy nasal discharge and eye
discharge, degree of ear tilt, degree of coughing, and degree of elevated rectal
temperature in calves. Lung consolidation was recorded twice weekly for all calves using
a portable linear rectal ultrasound (Ibex Pro, E.I. Medical, Loveland, CO) and 70%
isopropyl alcohol as a transducing agent; lung lobes of each calf were evaluated by 1 of 2
observers (inter-observer agreement Cohens’ kappa; κ = 0.90). The ultrasound was set to
a depth of 9 cm, frequency of 6.2 MHz, and gain of 23 dB (near 13 dB; far 36 dB).
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A BRD score measured by the Wisconsin scoring system of ≥ 5 and lobar
consolidation in any one lung lobe ≥ 3.0 cm2 was considered a BRD bout on day 0
(“initial diagnosis”) as described in Buczinski et al., 2018. All calves with a positive
BRD bout received antimicrobial intervention on initial diagnosis; enrofloxacin was
administered subcutaneously with dosage calculated by BW (Baytril, Bayer, Leverkusen,
Germany; 1 ml/15 kg) according to the herd veterinarian protocol. From day 1 to day 9
after initial diagnosis, calves were health scored, but no clinical diagnosis was made
(“post-treatment period”). From day 10 to day 14 after the initial diagnosis, all calves
were assessed for recovery status from their initial BRD bout (“recovery classification
period”). Calves who had an average BRD score ≥ 5 and at least one lobe of lobar
consolidation at ≥ 3.0 cm2 during the recovery classification period were classified as
failures (“relapsed”) and received a new antimicrobial intervention on day 15 as per the
veterinary protocol for this research station. Calves negative for the clinical symptoms
described above during the recovery classification period were considered responsive
(“recovered”). Relapsed calves were treated with tulathromycin on day 15 (Draxxin,
Zoetis Animal Health, USA; 1 cc/45 kg, once at second diagnosis, subcutaneously),
following the veterinary protocol of the research farm.
Body weights were recorded twice weekly using an electronic scale (Brecknell PS1000,
Avery Weigh-Tronix LLC, and Fairmont, MN) from birth to 2 weeks post-weaning for
all calves.
Automated data recording
The automated data recording for the automated feeder, accelerometer, and the seasonal
average temperature and humidity in the calf barn are presented in chapter 2.
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Enrollment Criteria
This observational case-control study was a subpopulation of an observational
cohort study of 120 calves (73 heifers, 47 bulls) which were health scored daily for
symptoms of Bovine Respiratory Disease (BRD), diarrhea and navel health from birth
until 14 d after weaning, with the final health exam performed on calves at 87 ± 2.0 d of
age (mean ± SD). All calves born at this facility were weighed within 12 hours after birth
with an electronic scale (Brecknell PS1000, Avery Weigh-Tronix LLC, Fairmont, MN).
Calf birth weights were 39.42 ± 5.31 kg (mean ± SD). Only calves with successful
transfer of passive immunity ( > 8.0% BRIX) at 48 h of age, and those that were not a
twin were enrolled. Any calf not meeting these requirements were excluded from the
study.
All calves enrolled in this case-control study (38 of 120 calves) had an initial
BRD bout diagnosis, defined as a BRD score ≥ 5 measured by the Wisconsin scoring
system lobar consolidation in any one lung lobe ≥ 3.0 cm2, and had antimicrobial
intervention (e.g., enrofloxacin) administered on the day of initial diagnosis. Initial
diagnosis of BRD occurred between 3 ± 2 days of age (age of training to drink milk from
an automated feeder) and 53 ± 2 days of age (age before weaning). We chose the
preweaning phase since individual variation in feeding behavior during weaning might
have introduced bias to our findings (Neave et al., 2018b).
Case-control classification and study population
Of the original cohort of 120 calves, 49 calves had BRD bouts and of these BRD
bouts, we enrolled [(n=38) pair matched cases to controls; 19 recovered cases and 19
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relapsed cases]. The calves on this study had an initial BRD bout diagnosis at an average
age of 32.0 ± 13.0 d (mean ± SD) and weighed 54.4 ± 9.7 kg. To limit bias, only clinical
BRD symptoms (not behavior) were used to classify recovery status from day 10 to day
14 in these calves. Criteria for a case relapsed calf required the average BRD score ≥ 5,
positive clinical lobar pneumonia on ultrasound for the recovery classification period, and
follow-up antimicrobial intervention. Criteria for a control recovered calf required the
average clinical BRD score to be < 5, plus resolution of lobar pneumonia during the
recovery classification period, complete technology data, and meeting pair matching
criteria. The pair matching criteria was same gender, age of the initial antimicrobial
intervention no more than 2 days different, and a birthdate within 6 weeks.
For the power analysis, we assessed the literature for the most conservative
relapse-to-antimicrobial-intervention-rate when treating non-specified BRD bouts in
calves as an estimate of the incidence rate of BRD relapse in the dairy calf population.
The most conservative literature report was that of Welling et al. (2020) who observed
16% (19/117) of BRD calves relapsed from their first antimicrobial intervention for
Bovine Respiratory Disease. To calculate the incidence of relapse-to-antimicrobialintervention-rate for the herd in this study, 2 researchers (Cohen’s kappa= 0.95) scored
calves twice weekly for BRD (32/80 BRD calves) for the 9 months prior to this study;
farm staff administered antimicrobial interventions based on veterinary protocol and
clinical signs of BRD (McGuirk and Peek, 2014, Buczinski et al., 2018). The relapse-toantimicrobial-intervention-rate was 43.75% (14/32). Therefore, at 80% power, with halfwidths of 0.05, we required 17 relapsed calves to detect behavioral differences from
recovered calves.
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Statistical analysis
All statistical analyses were performed in SAS version 9.4 (SAS Institute Inc.,
Cary, NC, USA). Descriptive analyses were performed, and data was verified for
normality using the univariate procedure and probability distribution plots. Normality
was also investigated by visually examining the residuals from the linear mixed models,
and by testing covariance structures for model fit. One outlier relapsed calf was detected
for abnormally low drinking speeds that were out of the biological range (greater than 3
SD of the mean); this pair was excluded from the drinking speed analyses.
The residuals of the modeled values for calf starter intake and unrewarded visits
were not normally distributed and were transformed accordingly (calf starter intake:
common log with correction factor of 10g for calf starter intake; unrewarded visits:
common log with a correction factor of 5 visits). The back-transformed geometric means
minus the correction factors and the 95% CI are reported for both calf starter intake and
unrewarded visits, with statistical significance reported on the modeled transformed
values.
For all linear mixed models in this study, multivariable models were reduced
by manual stepwise backward elimination, where predictors with a P-value < 0.30 were
retained in the models. Season was evaluated in all models as a fixed effect and
birthweight, BRIX % serum IgG at 48 h of age, and calf age were tested as quantitative
covariates. Due to the collinearity observed during univariate analysis for the covariates
BRIX % IgG at 48 h of age and age enrolled on the feeder, these were evaluated for
model inclusion separately. If BRIX % IgG at 48 h of age was not significant, age
enrolled on the automated feeder was evaluated. Pair was a fixed effect in all models.
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Effect of recovery status on average calf behavior
First, linear mixed models were used to investigate the effect of recovery
status, and the recovery status x day interaction, on the average feeding behavior and
activity in preweaned calves for the 10 days after and including the day of BRD diagnosis
(day 0 to day 10; referred to as “post-treatment period”). The post-treatment period was
selected based on model fit, and a lower Akaike’s criterion. The recovery classification
period was not included to limit bias of finding behavioral differences during clinical
presentation of symptoms in relapsed calves. Models were designed with day as a
repeated measure and calf as the subject with an autoregressive first order (AR1)
covariance structure. For the reasoning of the investigative nature of the study each
behavioral pattern was modeled for each day. Linear mixed models were used to
investigate the daily behavioral patterns for each day within the post-treatment period
(day 0, day 1, day 2, day 3, day 4, day 5, day 6, day 7, day 8, day 9 and day 10; referred
to as “daily measures”); calf was specified as a random effect in these models.
Effect of recovery status on relative changes in calf behavior
Effects of recovery status and the recovery status x day interaction on the
relative changes in feeding behavior and relative changes in activity over the posttreatment period were created with an identical modeling structure to that described
above. We used non-parametric analyses (PROC NPAR1WAY) to confirm that averages
and variances of feeding and activity behaviors were deemed similar on the day of BRD
diagnosis in all calves (e.g., recovery status was not yet evident). Since no differences
were evident, the day of diagnosis (day 0) was set as the baseline and deemed the 100%
level for each behavior by calf. Relative change was then calculated by dividing every
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calf’s individual behavior on every daily measure (day 1, day 2, day 3, day 4, day 5, day
6, day 7, day 8, day 9 and day 10) by every calf’s behavioral baseline at day 0. We also
conducted linear mixed models for each day within the post-treatment period (day 1 to
day 10) to further explore any effects observed in the overall post-treatment period; calf
was a random effect in all models.

Results
Study population
All recovered calves (19/19) resolved symptoms at 7.0 ± 3.0 (mean ± SD) days
after the first intervention. Relapsed calves who resolved symptoms (15/19) took an
average 22.0 ± 5.0 days (mean ± SD) after the first antimicrobial intervention. Four
relapsed calves did not resolve the BRD bout and were euthanized by veterinary
recommendation. All euthanized calves were sent to a diagnostic lab (University of
Kentucky Diagnostic Lab, Lexington, KY, USA); the preliminary cause of death was
chronic pneumonia.
Effect of recovery status on behavior over the post-treatment period
The effect of recovery status, and the recovery status x day interaction on average
feed intake, feeding and activity behaviors during the post-treatment period are presented
in Table 4.1. Briefly, relapsed calves had less milk intakes and fewer lying bouts
compared to recovered calves during the post-treatment period. There was also a
treatment x day interaction for relapsed calves to have greater lying times, less step
counts, and reduced acceleration activity indexes compared to recovered calves for the
post-treatment period.
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Relapsed calves had less unrewarded visits during the post-treatment period
(F1,18 = 4.77, P = 0.04; geometric mean [95% CI]: recovered calves = 2.40 [95% CI:
2.21-2.59], relapsed calves = 1.53 [95% CI: 1.35-1.55]) and there was no interaction of
antimicrobial intervention and day (F20,359 = 0.63, P = 0.24). Relapsed calves also
consumed less calf starter during the post-treatment period (F1, 18 =5.07, P =0.03;
recovered calves = 137.50 g/d [95% CI: 111.25-263.74 g/d], relapsed calves = 51.54 g/d
[95% CI: 23.74-126.24 g/d]), and there was no interaction between antimicrobial
intervention and day (F20,355 = 1.22, P = 0.22).
Effect of recovery status on daily behaviors within the post-treatment period
Figure 4.1 shows differences in feeding behavior between relapsed and recovered
calves on each daily measure within the post-treatment period. Relapsed calves drank less
milk on day 6 (F1,16 = 3.32, P = 0.05) and tended to drink less milk on day 9 (F1,16 =
3.39, P = 0.08; Figure 4.1a), but the other daily measures were not different (day 0 to day
5, day 7, day 8 and day 10; P > 0.10) compared to recovered calves. Relapsed calves
tended to have slower drinking speeds on day 9 (F1,14 = 2.81, P = 0.08; Figure 4.1b), but
the other daily measures were not different (day 0 through day 8, day 10; P > 0.10)
compared to recovered calves. Relapsed calves also had less rewarded visits to the feeder
on day 9 (F1,15 = 5.45, P = 0.03; Figure 4.1c), but the other daily measures were not
different (day 0 to day 8, day 10; P > 0.10) compared to recovered calves.
Unrewarded visits to the feeder were less for relapsed calves on day 5 (F1,16 =
3.28, P = 0.05; geometric mean [95% CI]: recovered calves = 3.73 [95% CI: 2.82-4.65],
relapsed calves = 2.27 [95% CI: 1.62-2.91]) but the other daily measures were not
different (day 0 to day 4, and day 6 to day 10; P > 0.10). Starter intake for relapsed calves
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was less on day 3 (F1,13 = 7.74, P = 0.02; recovered calves = 122.50 g/d [95% CI: 16.47252.34 g/d], relapsed calves = 33.54 g/d [95% CI: 19.74-136.20 g/d]. Starter intake was
also less for relapsed calves on day 9 (F1,13 = 4.79, P = 0.05; recovered calves = 132.50
g/d [95% CI: 56.47-286.34 g/d], relapsed calves = 43.51 g/d [95% CI: 19.21-126.10 g/d]
but the other daily measures were not different (day 0 to day 4, and day 6 to day 8, day
10; P > 0.10).
Figure 4.2 shows differences in activity levels between relapsed calves and
recovered calves for each daily measure within the post-treatment period. Relapsed
calves had greater lying times on several daily measures (day 5, day 6, day 8, day 9, day
10, P ≤ 0.05; Figure 4.2a), but the other daily measures were not different (day 0 to day
4, day 7; P > 0.10) compared to recovered calves. Similarly, relapsed calves had fewer
lying bouts on several daily measures (day 4, day 5, day 7, day 8, day 9, day 10, P ≤ 0.05;
Figure 4.2b). In addition, lying bouts tended to be less on day 0 (F1,16 = 3.55, P = 0.08),
but the other daily measures were not different (day 1 to day 3, day 6; P > 0.10)
compared to recovered calves. Relapsed calves also had less step counts on most daily
measures (day 1, day 3, day 4, day 5, day 6, day 7, day 8, day 9, day 10, P ≤ 0.05; Figure
4.2c) and step counts tended to be less on day 0 (F1,11 =3.51, P = 0.09), but the other
daily measures were not different (day 2 to day 4; P > 0.10) compared to recovered
calves. Finally, relapsed calves had reduced activity indexes on several daily measures
(day 4, day 6, day 7, day 8, day 9, day 10 P ≤ 0.05; Figure 4.2d), but the other daily
measures were not different (day 0 to day 3, day 5; P > 0.10) compared to response
calves.
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Effect of recovery status on relative changes in behavior over the post-treatment
period
The effect of recovery status and the recovery status x day interaction on
relative changes in feed intake, feeding and activity behaviors of calves during the posttreatment period are presented in Table 4.2. Briefly, for relapse calves, there was a
tendency for greater relative changes in unrewarded visits, and a treatment by day
interaction for less relative changes in calf starter intake compared to recovered calves for
the post-diagnosis period. There was also a treatment by day interaction for greater
relative changes in lying time, less relative changes in step counts, and less relative
changes in the acceleration activity index, suggesting suppressed activity levels compared
to recovered calves for the post-treatment period.
Effect of recovery status on daily relative changes in behavior within the posttreatment period.
Figure 4.3 shows relative changes in feed intake and feeding behavior between
relapsed and recovered calves on each day within the post-treatment period. There was no
effect of recovery status on any daily measure for relative changes in milk intake (day 1
to day 10; P > 0.10; Figure 4.3a). Relapsed calves had fewer relative changes in drinking
speed, suggesting slower drinking speeds on day 9 and day 10 (P ≤ 0.03; Figure 4.3b),
and there was a tendency for less relative changes in drinking speeds on day 8 (F1,15 =
1.20, P = 0.08) compared to recovered calves. There was no effect of recovery status on
any daily measure for relative changes in rewarded visits (day 1 to day 10; P > 0.10;
Figure 4.3c) compared to recovered calves.
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BRD calves had fewer relative changes in calf starter intake, suggesting a
decline in their solid feed intake on day 3 (F1,17 = 7.01, P = 0.02) and day 9 (F1,17 = 7.24,
P = 0.02. Figure 4.3d), but the other daily measures were not different (day 0 to day 2,
day 4 to day 8, day 10; P > 0.10) compared to recovered calves. There was no association
of recovery status on any daily measure with relative changes in unrewarded visits (day 1
to day 10; P > 0.10; Figure 4.3e)
Figure 4.4 shows relative changes in activity behaviors between relapsed and
recovered calves on each day within the post-treatment period. Relapsed calves had
greater relative changes in lying time, suggesting greater lying times on day 8 (F1,11 =
6.73, P =0.02) and there was a tendency for greater relative changes in lying time on day
9 (F1,12 = 3.36, P = 0.09; Figure 4.4a), but the other daily measures were not different
(day 0 to day 7, day 10; P > 0.10) compared to recovered calves. Relapsed calves tended
to have fewer relative changes in lying bouts, suggesting a potential decline in lying
bouts on day 5 (F1,16 = 2.85, P = 0.08; Figure 4.4b), but the other daily measures were
not different (day 1 to day 4, day 6 to day 10; P > 0.10) compared to recovered calves.
Relapsed calves also tended to have fewer relative changes in step count, suggesting
potential less activity on day 8 (F1,17 = 2.87, P =0.08; Figure 4.4c), but the other daily
measures were not different (day 1 to day 7, day 9, day 10; P > 0.10) compared to
recovered calves. Relapsed calves also had fewer relative changes in the acceleration
activity index, suggesting a potential decline in activeness on day 8 (F1,17 = 2.70, P
=0.08; Figure 4.4d, but the other daily measures were not different (day 1 to day 7, day
9, day 10; P > 0.10) compared to recovered calves.
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Discussion
This study found an association between recovery status (recover vs relapse), and
the daily behavioral patterns in dairy calves for the 10 days after antimicrobial
intervention (post-treatment period). Calves that relapsed and required a second
antimicrobial intervention had clear behavioral changes before the recovery classification
period. These behavioral changes included depressed feed intakes, fewer unrewarded
visits, and a reduction in all activity measures (e.g., further referred to as lethargic
behavior) when compared to recovered calves. Furthermore, within this post-treatment
period, relapsed calves had fewer relative changes in starter intake a few days after the
first intervention, suggesting relapsed calves deviate from their baseline behaviors before
clinical re-diagnosis. We suggest that relapsed calves show signs of sickness behavioral
changes that could be detected automatically by precision technology devices, while
recovered calves resolved these abnormal behavioral patterns. This research supports a
new opportunity to passively monitor calves in recovery from BRD using precision
technology devices.
Calves that recovered from BRD showed a response to the initial antimicrobial
intervention much earlier than the time required for recovery classification. These
recovered calves appeared to no longer experience the antigenic innate immune response
associated with induced sickness behaviors (Hart and Hart, 2019), including the reduced
feed intake and lethargic behavior observed in relapsed calves in this study. Cytokineinduced sickness behavior is an antigenic response (Hart and Hart, 2019) and a
motivational state. The motivational state during a disease bout is an active response to
infection (Johnson, 2002) to meet the metabolic demands of the febrile response,
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increasing the chance of a calf’s recovery. In contrast, calves that relapsed from the initial
antimicrobial intervention for BRD may have had the inflammatory pathway re-activated,
leading to sickness behavior. Thus, a relapsed calf would lack motivation to seek feed by
being less active, so that more energy resources are allocated to fighting an immune
response. Moreover, the veterinary definition of recovery status following a disease
response in livestock includes the absence of sickness behaviors such as depression,
lethargy, and anorexia in conjunction with symptom resolution (Radostits et al., 2006). In
this study, we only classified recovery status with resolution of clinical pulmonary
symptoms, to test the hypothesis that recovery status was associated with sickness
behavior. Evidence from our study suggests that the absence of depressive states such as
less feed intake, slower drinking speeds, and lethargic behavioral activity may indicate a
calf in recovery from a BRD bout.
Recurrent BRD is a major welfare challenge for the cattle industry. It is painful
for the calf and reduced the likelihood of survival past the first lactation (Buczinski et al.,
2021), depresses normal calf behavior (Cramer et al., 2019) and relapsed BRD calves
require additional antimicrobial interventions (Rooney et al., 2005, Welling et al., 2020).
We suspect the antimicrobial response rate for relapsed BRD bouts is poor (Welling et
al., 2020) due to the lag between recurrence of disease and re-emergence of clinical
symptoms (Cramer and Ollivett, 2020). This agrees with our findings, that calves who
relapsed to the initial antimicrobial intervention have behavioral changes prior to the reclassification of disease, and recovered calves have positive relative changes in their
behaviors following initial diagnosis and antimicrobial intervention. The welfare issue in
recurrent BRD is its effects on the calf’s biological functioning, expression of natural
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behaviors, and a calf’s affective state, all components of good animal welfare and a life
worth living (Mellor, 2016). Relapsed BRD also increases the likelihood of mortality
(Holland et al., 2010). Thus, we suggest that the use of sickness behavior as a screening
tool for assessing recovery status in calves may permit earlier antimicrobial interventions,
improving calf welfare and overall health. This agrees with veterinarian protocols for
BRD which suggests that minimizing the duration of BRD status in calves is essential to
promote calf well-being (Bull et al., 2021).
Relapsed BRD is a sustainability problem as re-treatment of BRD promotes
antimicrobial resistance. For example, nearly half of the bacteria isolated from recurrent
BRD calves were resistant to commercial antimicrobials in a Belgian study (Thomas et
al., 2002). This may be due to the most dominant pathogen associated with BRD in
calves; it was identified as having a high minimum inhibitory concentration to most of
the commercial antimicrobials available (Lysnyansky and Ayling, 2016). For our study,
we had a 14-day delay between initial BRD diagnosis and re-treatment with
antimicrobials following herd veterinary protocol, which was like other veterinary
protocols (Rooney et al., 2005, Holland et al., 2010, Heins et al., 2014, Welling et al.,
2020). However, earlier antimicrobial intervention for a BRD bout results in greater
initial antimicrobial response, and more positive outcomes for the calf (Binversie et al.,
2020). Thus, we suggest precision technology devices may provide a bridge to detect
sickness behavior in relapsed calves before re-emergence of clinical symptoms.
Our relapsed calves had depressed feeding behavior for each variable measured in
this study (e.g., milk intake, drinking speed, starter intake, rewarded visits, unrewarded
visits), and for multiple daily measures within the post-treatment period. Furthermore,
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relapsed calves had fewer relative changes for starter intake within a few days after the
initial antimicrobial intervention. Depressed feeding times, and presence of lethargic
activity levels were classified as classical sickness behaviors in dairy cattle (Dittrich et
al., 2021). Furthermore, there is a myriad of evidence which suggests that declines in feed
intake, slower drinking speed, and less unrewarded visits to the automated feeder were
associated with sickness behaviors in dairy calves as reviewed by Morrison et al., 2021.
Our results are in broad agreement with observations of relapsed beef cattle; depressed
feed intake and lethargy were indicative of poor response to antimicrobial treatments
(Skogerboe et al., 2005). Moreover, one study challenged beef cattle with BRD
associated pathogens and found that dry matter intake (i.e., feed intake) was the most
robust sickness behavior to indicate recovery status (e.g., declined after disease and
resolved earlier in cattle given an NSAID; Toaff-Rosenstein et al., 2016). This agrees
with our findings, that solid feeding behavior in calves was one of the earlier indicators of
recovery status. We suggest that less solid feeding behavior is a sickness behavior in
calves, as has been observed in dairy calves in BRD challenge studies (Hixson et al.,
2018) and naturally occurring BRD in veal calves (Belaid et al., 2020) and beef cattle
(Jackson et al., 2016). Future research should investigate the potential of calf starter
intake, which can be automatically recorded, as an alarm for recovery status in calves.
We hypothesize that our relapsed calves prioritized milk intake over starter intake
in this study. It has been suggested by many others that calves offered higher milk
allotments (e.g., 10 L/d or greater) prefer milk over starter (de Passillé and Rushen, 2016,
Neave et al., 2018a, Neave et al., 2018b). Indeed, on one study which weaned calves by
their voluntary starter intake, multiple calves never approached the target grain
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consumption rate (e.g., 200 g/d) when they were offered high milk allotments(Benetton et
al., 2019). This would explain why rewarded visits (e.g., nutritive visits) were only less
for our relapsed calves on day 9, as milk intake was prioritized by the calf. Furthermore,
unrewarded visits were less across the post-treatment period for relapsed calves
compared to those who recovered. We suggest that recovered calves, who were more
active in general, were motivated to try to receive more milk than the 10 L/d offered
compared to relapsed calves. Fighting for automated feeder access is common in healthy
calves, even when stocking densities are limited to smaller group sizes (Jensen, 2004).
Thus, it is possible that relapsed calves had low motivation to access solid feed and used
their limited energy sources to access milk. Unrewarded visits have also been suggested
by researchers as a sign of poor satiety in calves (De Paula Vieira et al., 2008). Thus, we
suspect recovered calves may have had post-compensatory feeding motivation and this
should be explored.
There were fewer relative changes in drinking speed for relapsed calves, contrary
to our hypothesis and other trials. We hypothesize that relapsed calves had depressed
relative changes in drinking speed due to the labored breathing associated with Bovine
Respiratory Disease (Love et al., 2016). It is not uncommon for sick dairy calves to take
multiple pauses at the automated milk feeder during suckling. Indeed, studies observed a
relationship with a higher milk meal duration in a BRD challenge study (Hixson et al.,
2018), and naturally occurring BRD bouts in calves (Borderas et al., 2009). We suggest
that perhaps calves who relapse with BRD have difficulty in drinking their milk meal
without pauses due to the inflammation of the airways and coughing associated with a

137

relapsed BRD bout (Love et al., 2016). Thus, relative changes in drinking speed may be a
useful indicator of recovery status in calves.
In this study, we observed that relapsed calves had much fewer relative changes in
activity patterns (step and activity index) within daily measures and across the posttreatment period compared to relapsed calves. Lethargy is one of the most documented
changes associated with the sickness behavioral response in cattle. For example, sickness
behavior post-inoculation with BRD associated pathogens in beef cattle has been
reflected in increased lying times and lying bouts (Toaff-Rosenstein et al., 2016). For
naturally occurring BRD, lower activity index scores in cattle were observed (Marchesini
et al., 2018). There is also a myriad of literature which suggests that calves become
lethargic for the days prior to BRD diagnosis such as increased lying times, decreased
lying bouts, and declines in step activity as reviewed by Costa et al., 2020. Thus, we
suggest that lethargy, such as greater lying times, and less step counts is associated with
the sickness response in relapsed calves. In contrast, we suggested that the greater
relative changes in activity behavior that was observed in recovered calves on our study
might be indicative of calves who appropriately responded to antimicrobial intervention.
We also observed fewer lying bouts in our relapsed calves starting at day 4 within
the post-treatment period. We suspect altered lying bouts in our relapsed calves suggests
a poor affective state in these calves. For example, there is evidence which suggests BRD
is a painful disease for calves (Bednarek et al., 1999, Bednarek et al., 2012). Furthermore,
a shift in lying behavior, including increased lying times and decreased lying bouts in
mature dairy cattle has been associated with painful diseases such as lameness (Ito et al.,
2010) and metabolic diseases in dairy cattle (Sepúlveda-Varas et al., 2014). Thus,
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declined behavioral activity levels in dairy calves may be indicative of BRD recovery
status; development of alerts to deviations in behavioral patterns that could be indicators
of failed recovery from BRD is warranted.
In this study we observed that feeding behaviors measured by an automated
feeder and activity measured by an accelerometer can indicate recovery in calves for the
10 days post-treatment. Precision technology devices that are used for calf management,
such as the automated feeder, may allow for feeding more milk without increasing
management costs (Kung et al., 1997), or tailoring individual weaning strategies to a calf
in a herd setting to encourage calf starter intake to promote rumen development (as
reviewed by Khan et al., 2011. Since sickness behavior indicates a motivational state,
automated feeders and accelerometers may be used to detect BRD calves failing to
respond to antimicrobial interventions. Similarly, accelerometers are a precision
technology device used to detect cattle in estrus and are one of the most common
precision technologies considered for adoption on a dairy farm (Dolecheck et al., 2016);
this is primarily due to reduced labor costs associated with observing cattle for mounting
behavior (Silper et al., 2015b). However, in recent years, precision technology devices
were observed as an opportunity to also monitor the health of calves in a herd setting,
such as the use of automated feeders to detect BRD and the use of accelerometers to
detect BRD. Our study suggests there is the potential to use these precision technology
devices for a new frontier in animal health: to detect recovery status in BRD calves. To
our knowledge, only one study has used precision technology devices as an indicator of
BRD relapse status in cattle (Lhermie et al., 2017). For beef cattle, the use of a
reticulorumen bolus in real-time was successful at detecting an elevated temperature
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(e.g., febrile response) in cattle that relapsed from the initial BRD antimicrobial
intervention (Lhermie et al., 2017). Moving forward, researchers should incorporate
precision technology devices into a collective working system to detect diseases.
Machine learning techniques should be explored to evaluate the potential of an
automated feeder and accelerometer to detect recovery status in calves. Machine learning
techniques using a precision technology device (e.g., recorded feed intake) improved the
accuracy and timing of BRD detection in beef cattle compared to clinical symptoms
(Kayser et al., 2018, Kayser et al., 2020). Furthermore, the use of sickness behavior (e.g.,
feed intake) promoted the detection of BRD, and BRD was detected one to 14 days
before clinical diagnosis by the veterinarian (Jackson et al., 2016). Incorporating multiple
precision technology devices (e.g., feeding stations, accelerometers, and temperature
bolus) further improved the accuracy of BRD detection (compared to using clinical
symptoms alone (Kayser et al., 2020) and this occurred sooner than diagnosis by
veterinarians. Collectively, we suggest that there is potential to detect recovery status by
use of machine learning techniques to detect sickness behaviors in dairy calves, and
possibly to have a support therapy to improve the outcome of these animals. Future
research should quantify the capability of multiple behaviors recorded by precision
technology devices to detect recovery status in calves in real-time, and develop early
intervention strategies to these at-risk animals..
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Conclusions
The results of our study suggest that recovery status in calves can be monitored with
precision technology devices. Recovered calves showed signs of improved behavioral
responses after their initial antimicrobial intervention for BRD; these calves showed
increased relative changes in their starter intakes and were generally more active compared
to relapsed calves. In contrast, relapsed calves expressed sickness behavior over the 10
period after initial antimicrobial intervention, including depressed feeding behaviors
(fewer feed intakes and less unrewarded visits) and signs of lethargy. We suggest that
relative changes in feeding behavior (starter intake and drinking speed), and activity (lying
time, lying bouts, step count, activity index) may be indicative of recovery status in dairy
calves. Future research should explore the use of machine learning techniques to develop
algorithms from precision technologies to evaluate recovery status from a BRD bout in
dairy calves.
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Table 4.1 The association of recovery status with feeding behavior and activity levels
in preweaned calves treated for the 10 days after antimicrobial intervention for
Bovine Respiratory Disease
The association of recovery status with the daily least square means of feeding
behaviors recorded by an automated milk feeder including average drinking speed, milk
intake, and number of rewarded visits and activity recorded by a pedometer including
lying time, step count, acceleration activity index and lying bouts for day of BRD
diagnosis (day 0) to day 10 after antimicrobial intervention for Bovine Respiratory
Disease in preweaned pair matched calves (n=19 matched pairs) offered 10 L of milk
replacer/d. An interaction with treatment and day with recovery status was explored.
ITEM

RECOVER RELAPSE SEM

F-

RECOVERY

TREAT*

VALUE

STATUS

DAY

DEGREES

FREEDOM

Milk intake

8.89

7.75

0.25

9.071,18

0.01

0.19

0.93

0.91

0.06

0.041,16

0.85

0.40

4.02

3.73

0.12

2.711,18

0.12

0.48

Lying time (h/d)

16.74

17.93

0.18

28.211,17

< 0.001

0.02

Lying bouts

18.86

17.10

0.51

6.081,17

0.02

0.80

560.44

322.25

27.64

48.561,17

< 0.001

< 0.001

2903.61

1856.96

135.71 34.861,17

< 0.001

< 0.001

(L/d)
Drinking speed
(L/min)
Rewarded visits
(visits/d)

(bouts/d)
Step count
(steps/d)
Acceleration
activity index2
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Table 4.2 The association of recovery status with relative changes in feeding
behavior and activity levels in preweaned calves treated for the 10 days after
antimicrobial intervention for Bovine Respiratory Disease
The association of recovery status with least square means of relative changes
(relative change) in feeding behaviors recorded by an automated feeder including average
drinking speed, milk intake, starter intake, number of rewarded and unrewarded visits and
relative changes in activity behaviors recorded by a pedometer including the day of BRD
diagnosis (day 0) to day 10 after antimicrobial intervention for Bovine Respiratory
Disease in preweaned pair matched calves (n=19 matched pairs) offered 10 L of milk
replacer/d. Relative changes referred to day 0 as a baseline. An interaction with treatment
and day with recovery status was explored.
ITEM

RECOVER

RELAPSE

SEM

F-VALUE

RECOVERY

TREAT*

DEGREES

STATUS

DAY

FREEDOM

Relative change milk

96.66

101.13

3.01

1.001,17

0.33

0.91

111.83

112.72

8.54

0.011,18

0.95

0.18

100.49

105.62

4.28

0.731,17

0.41

0.44

100.38

104.97

1.75

3.111,18

0.09

0.93

115.82

112.57

3.1

0.571,17

0.46

0.05

94.79

98.67

0.86

9.141,17

0.01

0.04

112.21

107.82

3.10

0.911,18

0.35

0.63

255.91

141.78

29.77

5.771,17

0.03

0.01

235.21

150.05

25.33

5.061,17

0.04

0.02

intake %
Relative change
drinking speed %
Relative change
rewarded visits %
Relative change
unrewarded visits %
Relative change starter
intake %
Relative change lying
time %
Relative change lying
bouts %
Relative change step
count %
Relative change index2
%
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Figure 4.1. a-c The association of recovery status with feeding behavior in dairy
calves within a 10-day period after antimicrobial intervention for Bovine
Respiratory Disease

The association of recovery status1 with milk intake (1a), drinking speed (1b), and
rewarded visits (1c) (LSM ± SEM) by day for preweaned, pair-matched calves (n=19
pairs) treated for Bovine Respiratory Disease and offered 10 L of milk replacer/d by an
automated feeder.
2
1Bovine respiratory disease (BRD) status was defined as a clinical score of ≥ 5 and lobar lung consolidation ≥ 3 cm and all calves
were treated for BRD on day 0. Recovery status was defined as calves who either resolved symptoms of BRD within 10 days postantimicrobial treatment (recovered) or had clinical BRD status from days 10 to 14 (relapsed)
Significance*(P ≤ 0.05) and tendency^ (P < 0.10) indicate differences by BRD status by day
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Figure 4.2. a-d The association of recovery status with activity levels in dairy calves
within a 10-day period after antimicrobial intervention for Bovine Respiratory
Disease

The association of recovery status1 with daily lying time (2a), lying bouts (2b),
step counts (1c), and acceleration activity index2 (2d) (LSM ± SEM) by day for
preweaned, pair-matched calves (n=19 pairs) treated for Bovine Respiratory Disease and
offered 10 L of milk replacer/d by an automated feeder.
1Bovine respiratory disease (BRD) status was defined as a clinical score of ≥ 5 and lobar lung consolidation ≥ 3 cm2 and all calves
were treated for BRD on day 0. Recovery status was defined as calves who either resolved symptoms of BRD within 10 days postantimicrobial treatment (recovered) or had clinical BRD status from days 10 to 14 (relapsed).
2The acceleration activity index was generated by a commercial algorithm (IceRobotics, Scotland) by recording the average daily rate
of acceleration and step count using a commercial accelerometer attached to the calf’s rear left leg
Significance*(P ≤ 0.05) and tendency^ (P < 0.10) indicate differences by BRD status by day
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Figure 4.3. a-e The association of recovery status with relative changes in feeding
behavior in dairy calves within a 10-day period after antimicrobial intervention for
Bovine Respiratory Disease

The association of recovery status1 with relative changes2 in milk intake % (3a),
relative changes in drinking speed % (3b), relative changes in rewarded visits % (3c),
relative changes in starter intake (3d), and relative changes in unrewarded visits (3e)
(LSM ± SEM) by day for preweaned, pair-matched calves (n=19 pairs3) treated for
Bovine Respiratory Disease and offered 10 L of milk replacer/d by an automated feeder.
1Bovine respiratory disease (BRD) status was defined as a clinical score of ≥ 5 lobar lung consolidations ≥ 3 cm2 and all calves were
treated for BRD on day 0. Recovery status was defined as calves who either resolved symptoms of BRD within 10 days postantimicrobial treatment (recovered) or had clinical BRD status from days 10 to 14 (relapsed)

2Relative changes were calculated with day of antimicrobial treatment as a baseline (100%); relative changes were generated by
dividing each day after BRD diagnosis (day 1 to day 10) by the baseline (day 0)
Significance*(P ≤ 0.05) and tendency^ (P < 0.10) indicate differences by BRD status by day
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Figure 4.4. The association of recovery status with relative changes in activity levels
in dairy calves within a 10-day period after antimicrobial intervention for Bovine
Respiratory Disease

The association of recovery status1 with relative changes2 in lying time (4a),
relative changes in lying bouts (4b), relative changes in step counts (4c), and relative
changes in the acceleration activity index3 % (4d) (LSM ± SEM) by day for preweaned,
pair matched calves (n=19 pairs) offered 10 L of milk replacer/d, and starter, ad libitum
by an automated feeder.
2
1Bovine respiratory disease (BRD) status was defined as a clinical score of ≥ 5 and lobar lung consolidation ≥ 3 cm and all calves
were treated for BRD on day 0. Recovery status was defined as calves who either resolved symptoms of BRD within 10 days postantimicrobial treatment (recovered) or had clinical BRD status from days 10 to 14 (relapsed)

2Relative changes were calculated with day of antimicrobial treatment as a baseline (100%); relative changes were generated by
dividing each day after BRD diagnosis (day 1 to day 10) by the baseline (day 0)

3The acceleration activity index was generated by a commercial algorithm (IceRobotics, Scotland) by recording the average daily rate
of acceleration and step count using a commercial accelerometer attached to the calf’s rear left leg
Significance*(P ≤ 0.05) and tendency^ (P < 0.10) indicate differences by BRD status by day
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CHAPTER 5. DISSERTATION GENERAL DISCUSSION AND CONCLUSIONS
The objective of this dissertation was to determine if feeding behavior recorded by
an automated feeder and activity levels recorded by an accelerometer were indicators of
sickness behaviors in preweaned dairy calves for initial bovine respiratory disease (BRD_
detection, nutraceutical intervention, and to detect recovery status from BRD after
antimicrobial intervention. Similarly, this dissertation aimed to describe true BRD
development and BRD recovery in dairy calves. This research objective was chosen since
a literature review revealed that multiple surveys suggested BRD, and diarrhea were the
leading causes of morbidity and mortality of replacement heifers. Similarly, these
diseases have welfare implications for the calf, and are sustainability issues due to being
a contributor to antimicrobial usage on farm. Scoring systems commonly used to indicate
BRD in calves also have limited operator sensitivity, suggesting a need to passively
identify potential disease bouts in calves. Thus, it was warranted to not only describe
sickness behavior in naturally diseased calves but determine if precision technology
devices can detect disease development, serve as a tool for an intervention strategy, and
detect disease recovery in dairy calves.
Precision dairy technologies were selected since precision livestock researchers in
this area found that many dairy producers already have automated feeders and
accelerometers on farm, and this industry was open to implementing these technologies.
However, there was a gap in the literature detected; associations between feeding
behavior and activity levels with disease bouts in calves were never cohort observational
studies. These studies were either cross-sectional studies, providing one snapshot of
prevalence in time, or studies which health scored calves infrequently (e.g., twice a week,
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or weekly). Similarly, much of the literature investigated health associations in relation to
disease in calves as a secondary objective (i.e., disease challenge studies, or clinical
trials). While those types of studies are warranted, the possibility of investigating disease
development through time in calves was lacking. Similarly, there was no current
knowledge on if calves modified their own individual behavioral patterns (relative
change) prior to disease diagnosis and during disease recovery. Moreover, while
preventative feeding of nutraceuticals such as colostrum had been lightly investigated, it
was of interest to see if feeding behavior deviations could be used to identify and
ameliorate disease severity of calves developing BRD.
To answer this dissertation’s objective, a cohort of 120 calves were followed daily
for health events to identify true disease development, and disease recovery status in
calves. Calves were health scored for diarrhea, navel ill, and BRD for the first
consecutive 90 days of life. Calves were fed 10 L/d milk replacer by automated feeder
(milk intake, drinking speed, calf starter intake, rewarded and unrewarded visits), and
calves wore an accelerometer at birth (lying time, lying bouts, step count, and an
acceleration activity index). Twice weekly, weights were taken, and lungs were evaluated
for true consolidation. Since stress was a variable associated with increasing the
likelihood of BRD in the literature, calves were provided an enriched social environment
that was not nutritionally restrictive.
The first study objective described the feeding behavior and activity levels of
preweaned dairy calves for the five days before BRD diagnosis. Of the cohort of calves,
33/49 BRD bouts were enrolled, and pair matched to healthy calves. Then, a pair-match
analysis was performed, considering day 5 before BRD diagnosis as a behavioral
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baseline. It was revealed in this study that calves destined to have BRD expressed
sickness behavior, while healthy calves remained stable (e.g., relative changes in
behaviors in healthy calves were 100% across multiple days). Specifically, BRD destined
calves declined in their milk intake, starter intake, unrewarded visits, and were less active
(less steps, and reduced indexes) compared to healthy calves within those 5 days before
diagnosis. Moreover, compared to behavioral baseline day 5, soon to be sick calves also
had negative relative changes in their starter intake, and their step counts, suggesting a
motivational state of sickness behavior compared to healthy calves. This study suggests
that relative changes in calf behavior for the few days leading up to disease may indicate
a BRD bout. However, the study retrospectively evaluated these relationships, so future
research for algorithm development is needed.
The second study was performed in parallel to the first study. It was of interest to use
colostrum as a feeding intervention strategy to ameliorate a disease bout. Colostrum was
selected as proof-of-concept, since the evidence suggested that preventative colostrum
feeding lowered disease likelihood in multiple species. The health alarms were generated
from the precision technology data, which were triggered by 84 calves who had a
deviation from their 12-day rolling average milk intake or drinking speed, leading to a
unique self-enrollment protocol. Calves received either a placebo by bottle of milk
replacer, or one dose of colostrum divided across three days. There was no effect of
colostrum replacer on ameliorating a diarrheal bout, nor did it improve calf performance.
However, colostrum replacer lowered the likelihood of a BRD bout, and ameliorated the
BRD bout severity in colostrum recipient calves. One limitation to this study is that we
were not able to identify which constituent or even which combination of constituents in
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colostrum replacer improved disease outcomes for dairy calves developing a bout of
disease. Future research is needed to determine which constituents in colostrum replacer
help dairy calves recover from a BRD bout.
The final study investigated if recovery status from the initial antimicrobial
intervention for a BRD bout was associated with feeding behavior and activity levels in
calves. Since timely disease detection improves a calf’s outcome, and since this disease is
painful for calves, this study aimed to seek an additional utility for precision technology
devices on farm. Of the cohort of calves, 19 calves failed to respond and were reclassified as relapsed calves 14 days after the initial antimicrobial intervention. Then, a
pair-match analysis to BRD calves who recovered was performed, considering the day of
initial diagnosis as a baseline. Recovered calves show improved behavioral responses to
treatment such as nearly double relative changes in their activity levels compared to
relapsed calves, and greater starter intakes and unrewarded feeder visits across the 10
days after the initial diagnosis. Moreover, relapsed calves had fewer relative changes in
their activity levels and starter intake, suggesting that sickness behavior further depressed
feeding and encouraged lethargy within the 10 days compared to recovered calves. One
limitation to this study was that it was retrospectively analyzed, thus further research is
needed to develop algorithms. However, this evidence suggests that precision technology
devices can also monitor for recovery status in recently treated calves. This is a new
frontier for this technology, and sickness behavior may aid in detecting relapsed calves
sooner.
In summary, this dissertation found that feeding behavior and activity levels are
sickness behaviors which decrease for up to four days prior to clinical diagnosis for BRD
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calves. Similarly, when dairy calves had decreased feeding behavior and colostrum
replacer was fed, there was less likelihood of BRD, and less severe disease. However,
colostrum did not improve diarrhea or performance, so more research is needed to
determine what nutrient or compound in colostrum replacer affected BRD in these calves.
Moreover, calves who received antimicrobial treatments and recovered showed an
increase of exploratory activity (i.e., greater relative changes in activity levels and
feeding behavior) compared to relapsed calves. Furthermore, relapsed calves had
negative relative changes in their feeding behavior and activity, suggesting that feeding
depression and lethargy indicate sickness behavior in relapsed BRD calves. This
dissertation answered that BRD development in calves may be associated with the
motivational sickness response, and nutraceutical intervention may ameliorate it. Future
research should investigate the potential of machine learning techniques to determine
which combination of these behaviors indicates BRD; similarly, this research may be
used to determine the optimal sampling frequency for disease detection in calves, but
more research is required.
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APPENDIX 1
The Mean ± (SD) chemical composition of calf starter (Baghdad Feeds, KY) and hay
(sourced from the UK research station) offered to a cohort of 120 preweaned Holstein
calves assessed daily for Bovine Respiratory Disease and fed 10 L/d milk replacer, and
calf starter by automated feeder.
Calf Starter1

Hay2

DM %

89.47 ± 0.77

93.74 ± 2.03

CP %

22.94 ± 1.10

13.70 ± 2.72

Fat %

4.17 ± 0.34

1.57 ± 0.30

NDF %

13.48 ± 1.15

62.45 ± 7.40

ADF %

5.81 ± 0.58

43.57 ± 2.11

Starch %

35.64 ± 1.63

ND3

Ash %

5.81 ± 0.58

8.15 ± 0.72

Calcium %

1.13 ± 0.17

0.68 ± 0.21

Phosphorus %

0.57 ± 0.04

0.39 ± 0.05

Magnesium %

0.21 ± 0.02

0.22 ± 0.06

Potassium %

1.29 ± 0.07

2.23 ± 0.35

Sulfur %

0.27 ± 0.02

15.07 ± 3.02

ME (Mcal/kg)4

2.84 ± 0.01

2.09 ± 0.06

Variables
% DM Basis

1 Special

Calf Starter and Grower, Baghdad Feeds, Baghdad, KY
cut alfalfa farm hay (Medicago sativa) was provided to calves in a trough.
3 ND = not determined
4 ME = TDN × 0.04409 × 0.82; calculated according to (NRC, 2001) calculations
2 Late

169

170

REFERENCES
Aghakeshmiri, F., M. Azizzadeh, N. Farzaneh, and M. Gorjidooz. 2017. Effects of neonatal
diarrhea and other conditions on subsequent productive and reproductive performance of
heifer calves. Vet. Res. Commun. 41(2):107-112.
Alpaydin, E. 2004. Introduction to machine learning. MIT press.
Aly, S. S., B. M. Karle, D. R. Williams, G. U. Maier, and S. Dubrovsky. 2020. Components
of a risk assessment tool for prevention and control of bovine respiratory disease in
preweaned dairy calves. Anim. Health Res. Rev. 21(2):153-159.
Armengol, R. and L. Fraile. 2020. Feeding Calves with Pasteurized Colostrum and Milk
Has a Positive Long-Term Effect on Their Productive Performance. Animals 10(9):1494.
Atkinson, D. J., M. A. G. von Keyserlingk, and D. M. Weary. 2017. Benchmarking passive
transfer of immunity and growth in dairy calves. J. Dairy Sci.100(5):3773-3782.
Autio, T., T. Pohjanvirta, R. Holopainen, U. Rikula, J. Pentikäinen, A. Huovilainen, H.
Rusanen, T. Soveri, L. Sihvonen, and S. Pelkonen. 2007. Etiology of respiratory disease in
non-vaccinated, non-medicated calves in rearing herds. Vet. Microbiol. 119(2-4):256-265.
Bednarek, D., A. Szuster-Ciesielska, B. Zdzisiñska, M. Kondracki, R. Paduch, and M.
Kandefer-Szerszeñ. 1999. The effect of steroidal and non-steroidal anti-inflammatory
drugs on the cellular immunity of calves with experimentally-induced local lung
inflammation. Vet. Immunol. Immunopath. 71(1):1-15.
Bednarek, D., M. Szymańska-Czerwińska, and K. Dudek. 2012. Bovine respiratory
syndrome (BRD) etiopathogenesis, diagnosis and control. A Bird’s-Eye View of
Veterinary Medicine. Dr. Carlos C. Perez-Marin (Ed.):363-378.

Belaid, M. A., M. Rodríguez-Prado, D. V. Rodríguez-Prado, E. Chevaux, and S.
Calsamiglia. 2020. Using behavior as an early predictor of sickness in veal calves.J. Dairy.
Sci. 103(2):1874-1883.
Benetton, J. B., H. W. Neave, J. H. C. Costa, M. A. G. Von Keyserlingk, and D. M. Weary.
2019. Automatic weaning based on individual solid feed intake: Effects on behavior and
performance of dairy calves. J. Dairy Sci.102(6):5475-5491.

Berge, A. C., T. E. Besser, D. A. Moore, and W. M. Sischo. 2009 a. Evaluation of the
effects of oral colostrum supplementation during the first fourteen days on the health and
performance of preweaned calves. J. Dairy. Sci. 92(1):286-295.
Berge, A. C. B., D. A. Moore, T. E. Besser, and W. M. Sischo. 2009 b. Targeting therapy
to minimize antimicrobial use in preweaned calves: Effects on health, growth, and
treatment costs. J. Dairy. Sci. 92(9):4707-4714.
Berman, J., I. Masseau, G. Fecteau, S. Buczinski, and D. Francoz. 2021. Comparison of
thoracic ultrasonography and thoracic radiography to detect active infectious
bronchopneumonia in hospitalized dairy calves. J. Vet. Intern. Med. In press.
Binversie, E. S., P. L. Ruegg, D. K. Combs, and T. L. Ollivett. 2020. Randomized clinical
trial to assess the effect of antibiotic therapy on health and growth of preweaned dairy
calves diagnosed with respiratory disease using respiratory scoring and lung ultrasound. J.
Dairy Sci. 103(12):11723-11735.
Bonk, S., O. Burfeind, V. S. Suthar, and W. Heuwieser. 2013. Technical note: Evaluation
of data loggers for measuring lying behavior in dairy calves. J. Dairy Sci. 96(5):3265-3271.
Borchers, M. R., Y. M. Chang, K. L. Proudfoot, B. A. Wadsworth, A. E. Stone, and J. M.
Bewley. 2017. Machine-learning-based calving prediction from activity, lying, and
ruminating behaviors in dairy cattle. J. Dairy Sci.100(7):5664-5674.
Borderas, T. F., J. Rushen, M. A. G. von Keyserlingk, and A. M. B. de Passillé. 2009.
Automated measurement of changes in feeding behavior of milk-fed calves associated with
illness. J. Dairy Sci. 92(9):4549-4554.
Boudry, C., A. Buldgen, D. Portetelle, A. Collard, A. Théwis, and J. P. Dehoux. 2007.
Effects of oral supplementation with bovine colostrum on the immune system of weaned
piglets. Res. Vet. Sci. 83(1):91-101.
Buczinski, S., D. Achard, and E. Timsit. 2021. Effects of calfhood respiratory disease on
health and performance of dairy cattle: A systematic review and meta-analysis. J. Dairy
Sci.104(7): 82111-8227.
Buczinski, S., G. Forté, D. Francoz, and A. M. Bélanger. 2014. Comparison of Thoracic
Auscultation, Clinical Score, and Ultrasonography as Indicators of Bovine Respiratory
Disease in Preweaned Dairy Calves. J. Vet. Int. Med. 28(1):234-242.
Buczinski, S., T. L. Ollivett, and N. Dendukuri. 2015. Bayesian estimation of the accuracy
of the calf respiratory scoring chart and ultrasonography for the diagnosis of bovine
respiratory disease in pre-weaned dairy calves. Prev. Vet. Med. 119(3-4):227-231.

173

Bull, E. M., Bartram, D. J., Cock, B., Odeyemi, I. & Main, D. C. J. Construction of a
conceptual framework for assessment of health-related quality of life in calves with
respiratory disease. Animal 15:100191.
Burciaga-Robles, L. O., C. R. Krehbiel, D. L. Step, B. P. Holland, C. J. Richards, M. A.
Montelongo, A. W. Confer, and R. W. Fulton. 2010. Effects of exposure to calves
persistently infected with bovine viral diarrhea virus type 1b and Mannheimia haemolytica
challenge on animal performance, nitrogen balance, and visceral organ mass in beef steers.
J. Anim. Sci. 88(6):2179.
Burfeind, O., K. Schirmann, M. A. G. Von Keyserlingk, D. M. Veira, D. M. Weary, and
W. Heuwieser. 2011. Technical note: Evaluation of a system for monitoring rumination in
heifers and calves. J. Dairy Sci. 94(1):426-430.
Buss, L., T. Yohe, L. Cangiano, D. Renaud, A. Keunen, L. Guan, and M. Steele. 2021. The
effect of neomycin inclusion in milk replacer on the health, growth, and performance of
male Holstein calves during preweaning. J. Dairy Sci.104(7) 8188-8201.
Camiloti, T. V., J. A. Fregonesi, M. A. G. von Keyserlingk, and D. M. Weary. 2012. Short
communication: Effects of bedding quality on the lying behavior of dairy calves. J. Dairy.
Sci. 95(6):3380-3383.
Cantor, M. C., J. H. C. Costa, and H. W. Neave. 2019. Current perspectives on the shortand long-term effects of conventional dairy calf raising systems: a comparison with the
natural environment. Transl. Anim. Sci. 3(1):549-563.
Cantor, M. C., D. L. Renaud, and J. H. C. Costa. 2021. Nutraceutical intervention with
colostrum replacer: Can we reduce disease hazard, ameliorate disease severity, and
improve performance in preweaned dairy calves? J. Dairy Sci. 104(6): 7168-7176.
Cesarone, M. R., G. Belcaro, A. Di Renzo, M. Dugall, M. Cacchio, I. Ruffini, L. Pellegrini,
G. Del Boccio, F. Fano, and A. Ledda. 2007. Prevention of influenza episodes with
colostrum compared with vaccination in healthy and high-risk cardiovascular subjects: the
epidemiologic study in San Valentino. Clin. Appl. Thrombosis/Hemostasis 13(2):130-136.
Chamorro, M., N. Cernicchiaro, and D. M. Haines. 2017. Evaluation of the effects of
colostrum replacer supplementation of the milk replacer ration on the occurrence of
disease, antibiotic therapy, and performance of pre-weaned dairy calves. J. Dairy Sci.
100(2):1378-1387.
Cho, Y. I. and K. J. Yoon. 2014. An overview of calf diarrhea - infectious etiology,
diagnosis, and intervention. J Vet Sci 15(1):1-17.
Cortese, V. S. 2009. Neonatal Immunology. Veterinary Clinics of North America: Food
Anim. Pract. 25(1):221-227.

174

Cortese, V. S. 2009. Neonatal Immunology. Veterinary Clinics of North America: Food
Anim. Pract. 25(1):221-227.
Costa, J. H. C., M. C. Cantor, N. A. Adderley, and H. W. Neave. 2019. Key animal welfare
issues in commercially raised dairy calves: social environment, nutrition, and painful
procedures. Can. J. Anim. Sci. 99(4):649-660.
Costa, J. H. C., M. C. Cantor, and H. W. Neave. 2020. Symposium review: Precision
technologies for dairy calves and management applications. J. Dairy Sci. 104(1):12031219.
Cramer, C. and T. L. Ollivett. 2020. Behavior assessment and applications for BRD
diagnosis: preweaned dairy calves. Anim Health Res Rev 21(2):188-191.
Cramer, C., K. Proudfoot, and T. Ollivett. 2020. Automated Feeding Behaviors Associated
with Subclinical Respiratory Disease in Preweaned Dairy Calves. Animals 10(6):988.
Cramer, M. C. and T. L. Ollivett. 2019. Growth of preweaned, group-housed dairy calves
diagnosed with respiratory disease using clinical respiratory scoring and thoracic
ultrasound—A cohort study. J. Dairy Sci.102(5):4322-4331.
Cramer, M. C., T. L. Ollivett, and A. L. Stanton. 2016. Associations of behavior-based
measurements and clinical disease in preweaned, group-housed dairy calves. J. Dairy Sci.
99(9):7434-7443.
Cramer, M. C., K. L. Proudfoot, and T. L. Ollivett. 2019. Short communication: Behavioral
attitude scores associated with bovine respiratory disease identified using calf lung
ultrasound and clinical respiratory scoring. J. Dairy Sci.102(7):6540-6544.
Cramer, M. C. and A. L. Stanton. 2015. Associations between health status and the
probability of approaching a novel object or stationary human in preweaned group-housed
dairy calves. J. Dairy Sci. 98(10):7298-7308.
Cuttance, E. L., W. A. Mason, R. A. Laven, J. McDermott, and C. V. C. Phyn. 2017.
Prevalence and calf-level risk factors for failure of passive transfer in dairy calves in New
Zealand. New Zealand Vet. J. 65(6):297-304.
Dachrodt, L., H. Arndt, A. Bartel, L. M. Kellermann, A. Tautenhahn, M. Volkmann, K.
Birnstiel, P. Do Duc, A. Hentzsch, K. C. Jensen, M. Klawitter, P. Paul, A. Stoll, S.
Woudstra, P. Zuz, G. Knubben, M. Metzner, K. E. Müller, R. Merle, and M. Hoedemaker.
Prevalence of disorders in preweaned dairy calves from 731 dairies in Germany: A crosssectional study. J. Dairy Sci. 104(8): 9037-9051.
Dantzer, R. and K. W. Kelley. 2007. Twenty years of research on cytokine-induced
sickness behavior. Brain. Behav. Immun. 21(2):153-160.

175

de Passillé, A. M. 2001. Sucking motivation and related problems in calves. Appl. Anim.
Behav. Sci 72(3):175-187.
de Passillé, A. M. B. and J. Rushen. 2006. Calves’ behaviour during nursing is affected by
feeding motivation and milk availability. Appl. Anim. Behav. Sci. 101(3-4):264-275.
de Passillé, A. M., M. B. Jensen, N. Chapinal, and J. Rushen. 2010. Technical note: Use of
accelerometers to describe gait patterns in dairy calves. J. Dairy Sci. 93(7):3287-3293.
de Passillé, A. M., T. F. Borderas, and J. Rushen. 2011. Weaning age of calves fed a high
milk allowance by automated feeders: effects on feed, water, and energy intake, behavioral
signs of hunger, and weight gains. J. Dairy Sci. 94(3):1401.
de Passillé, A. M. and J. Rushen. 2016. Using automated feeders to wean calves fed large
amounts of milk according to their ability to eat solid feed. J. Dairy Sci. 99(5):3578-3583.
De Paula Vieira, A., V. Guesdon, A. M. de Passillé, M. A. G. von Keyserlingk, and D. M.
Weary. 2008. Behavioural indicators of hunger in dairy calves. Appl. Anim. Behav. Sci.
109(2):180-189.
Dittrich. M. Goetz, B Maassen Francke, K-H Krudewig, W Junge, and J. Krieter. Variable
selection for monitoring sickness behavior in lactating dairy cattle with the application of
control charts. 2021. J. Dairy Sci.104(7) 7956-7970.
Dolecheck, K.A.; Heersche, G., Jr.; Bewley, J.M. 2016. Retention payoff-based cost per
day open regression equations: Application in a user-friendly decision support tool for
investment analysis of automated estrus detection technologies. J. Dairy Sci. 2016, 99,
10182-10193,
Dubrovsky, S. A., A. L. Van Eenennaam, S. S. Aly, B. M. Karle, P. V. Rossitto, M. W.
Overton, T. W. Lehenbauer, and J. G. Fadel. 2020. Preweaning cost of bovine respiratory
disease (BRD) and cost-benefit of implementation of preventative measures in calves on
California dairies: The BRD 10K study. J. Dairy Sci. 103(2):1583-1597.
Dubrovsky, S. A., A. L. Van Eenennaam, B. M. Karle, P. V. Rossitto, T. W. Lehenbauer,
and S. S. Aly. 2019a. Bovine respiratory disease (BRD) cause-specific and overall
mortality in preweaned calves on California dairies: The BRD 10K study. J. Dairy Sci.
102(8):7320-7328.
Dubrovsky, S. A., A. L. Van Eenennaam, B. M. Karle, P. V. Rossitto, T. W. Lehenbauer,
and S. S. Aly. 2019b. Epidemiology of bovine respiratory disease (BRD) in preweaned
calves on California dairies: The BRD 10K study. J Dairy Sci. 102(8):7306-7319.
Dunn, T. R., T. L. Ollivett, D. L. Renaud, K. E. Leslie, S. J. Leblanc, T. F. Duffield, and
D. F. Kelton. 2018. The effect of lung consolidation, as determined by ultrasonography, on
first-lactation milk production in Holstein dairy calves. J. Dairy Sci. 101(6):5404-5410.
176

Duthie, C. A., J. M. Bowen, D. J. Bell, G. A. Miller, C. Mason, and M. J. Haskell. 2021.
Feeding behaviour and activity as early indicators of disease in pre-weaned dairy calves.
Animal 15(3):100150.
Eckelkamp, E. A. and J. M. Bewley. 2020. On-farm use of disease alerts generated by
precision dairy technology. J. Dairy Sci. 103(2):1566-1582.
Eslamizad, M., L.-M. Tümmler, M. Derno, M. Hoch, and B. Kuhla. 2018. TECHNICAL
NOTE: Development of a pressure sensor-based system for measuring rumination time in
pre-weaned dairy calves1. J. Anim. Sci. 96(11):4483-4489.
Fenger, C. K., T. Tobin, P. J. Casey, E. A. Roualdes, J. L. Langemeier, R. Cowles, and D.
M. Haines. 2016. Enhanced Bovine Colostrum Supplementation Shortens the Duration of
Respiratory Disease in Thoroughbred Yearlings. J. Equine Vet. Sci. 42:77-81.
Finney, G., A. Gordon, G. Scoley, and S. J. Morrison. 2018. Validating the IceRobotics
IceQube tri-axial accelerometer for measuring daily lying duration in dairy calves.
Livestock Sci. 214:83-87.
Francesco, G., P. Gloria, L. Loris, and A. Giovanni. 2016. Lactoferrin from Milk:
Nutraceutical and Pharmacological Properties. Pharmaceut. 9(4):61.
Francoz, D., S. Buczinski, A. Bélanger, G. Forté, O. Labrecque, D. Tremblay, V.
Wellemans, and J. Dubuc. 2015. Respiratory pathogens in Quebec dairy calves and their
relationship with clinical status, lung consolidation, and average daily gain. J. Vet. Int.
Med.29(1):381-387.
Gargiulo, J. I., C. R. Eastwood, S. C. Garcia, and N. A. Lyons. 2018. Dairy farmers with
larger herd sizes adopt more precision dairy technologies. J. Dairy Sci. 101(6):5466-5473.
Gladden, N., E. Cuthbert, K. Ellis, and D. McKeegan. 2020. Use of a Tri-Axial
Accelerometer Can Reliably Detect Play Behaviour in Newborn Calves. Animals
10(7):1137.
Golbeck, L., I. Cohrs, S. Leonhard-Marek, and W. Grünberg. 2018. Effect of dehydration
and acidemia on the potassium content of muscle tissue and erythrocytes in calves with
neonatal diarrhea. J. Dairy Sci. 101(10):9339-9349.
Goodell, G. M., J. Campbell, L. Hoejvang-Nielsen, W. Stansen, and P. D. Constable. 2012.
An alkalinizing oral rehydration solution containing lecithin-coated citrus fiber is superior
to a nonalkalinizing solution in treating 360 calves with naturally acquired diarrhea. J.
Dairy Sci. 95(11):6677-6686.

177

Graham, A. N., D. L. Renaud, T. F. Duffield, and D. F. Kelton. 2018. Short
communication: Calf cleanliness does not predict diarrhea upon arrival at a veal calf
facility. J. Dairy Sci. 101(4):3363-3366.
Griffin, D., M. M. Chengappa, J. Kuszak, and D. S. McVey. 2010. Bacterial Pathogens of
the Bovine Respiratory Disease Complex. Veterinary Clinics of North America: Food
Anim. Pract. 26(2):381-394.
Hall, MB. 2009. Determination of Starch, Including Maltooligosaccharides, in Animal
Feeds: Comparison of Methods and a Method Recommended for AOAC Collaborative
Study. J. AOAC Int. 92:42-49.
Hart, B. L. and L. A. Hart. 2019. Sickness behavior in animals: implications for health and
wellness. Encyclo. Anim. Behav. 1.
Hawkins, A., K. Burdine, D. Amaral-Phillips, and J. H. C. Costa. 2019. An Economic
Analysis of the Costs Associated with Pre-Weaning Management Strategies for Dairy
Heifers. Animals. 9(7):471.
Heinrichs, A., B. Heinrichs, O. Harel, G. Rogers, and N. Place. 2005. A prospective study
of calf factors affecting age, body size, and body condition score at first calving of Holstein
dairy heifers. J. Dairy Sci. 88(8):2828-2835.
Heins, B. D., D. V. Nydam, A. R. Woolums, R. D. Berghaus, and M. W. Overton. 2014.
Comparative efficacy of enrofloxacin and tulathromycin for treatment of preweaning
respiratory disease in dairy heifers. J. Dairy Sci. 97(1):372-382.
Henderiana, L. L. B. 2009. The Role of Colostrum for Passive Immunity Transfer in
Newborn Calf. Wartazoa 19(2):76-83.
Hill, T. M., F. X. Suarez-Mena, W. Hu, T. S. Dennis, R. L. Schlotterbeck, L. L. Timms,
and L. E. Hulbert. 2017. Technical Note: Evaluation of an ear-attached movement sensor
to record rumination, eating, and activity behaviors in 1-month-old calves. Prof. Anim. Sci.
33(6):743-747.
Hixson, C. L., P. D. Krawczel, J. M. Caldwell, and E. K. Miller-Cushon. 2018. Behavioral
changes in group-housed dairy calves infected with Mannheimia haemolytica. J. Dairy Sci.
101(11):10351-10360.
Hokkanen, A.-H., L. Hänninen, J. Tiusanen, and M. Pastell. 2011. Predicting sleep and
lying time of calves with a support vector machine classifier using accelerometer data.
Appl. Anim. Behav. Sci. 134(1):10-15.
Holland, B., L. Burciaga-Robles, D. VanOverbeke, J. Shook, D. Step, C. Richards, and C.
Krehbiel. 2010. Effect of bovine respiratory disease during preconditioning on subsequent

178

feedlot performance, carcass characteristics, and beef attributes. J. Anim. Sci. 88(7):24862499.
Hötzel, M., C. Longo, L. Balcão, C. Cardoso, and J. Costa. 2014. A Survey of Management
Practices That Influence Performance and Welfare of Dairy Calves Reared in Southern
Brazil. PLoS One 9(12):e114995.
Hulbert, L. E. and S. J. Moisá. 2016. Stress, immunity, and the management of calves. J.
Dairy Sci. 99(4):3199-3216.
Hyde, R. M., P. M. Down, A. J. Bradley, J. E. Breen, C. Hudson, K. A. Leach, and M. J.
Green. 2020. Automated prediction of mastitis infection patterns in dairy herds using
machine learning. Sci. Rep. 10(1):4289. DOI: 10.1038/s41598-020-61126-8
Ito, K.; Von Keyserlingk, M.; LeBlanc, S.; Weary, D 2010.. Lying behavior as an indicator
of lameness in dairy cows. J. Dairy Sci. 2010, 93, 3553-3560.
Jackson, K. S., G. E. Carstens, L. O. Tedeschi, and W. E. Pinchak. 2016. Changes in
feeding behavior patterns and dry matter intake before clinical symptoms associated with
bovine respiratory disease in growing bulls. J. Anim. Sci. 94(4):1644-1652.
Jensen, M. B. and R. Kyhn. 2000. Play behaviour in group-housed dairy calves, the effect
of space allowance. Appl. Anim. Behav. Sci. 67(1):35-46.
Jensen, M. B. 2004. Computer-Controlled Milk Feeding of Dairy Calves: The Effects of
Number of Calves per Feeder and Number of Milk Portions on Use of Feeder and Social
Behavior. J. Dairy Sci. 87(10):3428-3438.
Jensen, M. B., A. Jensen, and M. Vestergaard. 2020. The effect of milk feeding strategy
and restriction of meal patterning on behavior, solid feed intake, and growth performance
of male dairy calves fed via computer-controlled milk feeders. J. Dairy Sci.103(9):84948506.
Johnsen, J. F., I. H. Holmoy, C. M. Mejdell, K. Ellingsen-Dalskau, O. Osterås, A. Dosen,
E. Skjerve, and A. Nodtvedt. 2021. A cross-sectional study of associations between herdlevel calf mortality rates, compliance with legislation on calf welfare, and milk feeding
management in Norwegian dairy herds. J. Dairy Sci. 104(1):839-848.

Johnson, R. W. 2002. The concept of sickness behavior: a brief chronological account of
four key discoveries. Vet. Immunol. Immunopathol. 87: 443-450,
Johnston, D., D.A. Kenny, M. McGee, S.M. Waters, A.K. Kelly, B. Earley. 2016.
Electronic feeding behavioural data as indicators of health status in dairy calves.
Ir. J. Agric. Food Res. 55: 159-168.

179

Kargar, S., M. Roshan, S. M. Ghoreishi, A. Akhlaghi, M. Kanani, A. R. Abedi ShamsAbadi, and M. H. Ghaffari. 2020. Extended colostrum feeding for 2 weeks improves
growth performance and reduces the susceptibility to diarrhea and pneumonia in neonatal
Holstein dairy calves. J. Dairy Sci. 103(9): 8130-8142.
Kayser, W. C., G. E. Carstens, K. S. Jackson, W. E. Pinchak, A. Banerjee, and Y. Fu. 2018.
Evaluation of statistical process control procedures to monitor feeding behavior patterns
and detect onset of bovine respiratory disease in growing bulls. J. Anim. Sci. 97(3):11581170.
Kayser, W. C., G. E. Carstens, I. L. Parsons, K. E. Washburn, S. D. Lawhon, W. E. Pinchak,
E. Chevaux, and A. L. Skidmore. 2020. Efficacy of statistical process control procedures
to identify deviations in continuously measured physiologic and behavioral variables in
beef steers experimentally challenged with Mannheimia haemolytica. J. Anim. Sci. 98(2).
Khachatryan, A. R., D. D. Hancock, T. E. Besser, and D. R. Call. 2004. Role of CalfAdapted <em>Escherichia coli</em> in Maintenance of Antimicrobial Drug Resistance in
Dairy Calves. Appl. Env. Microbiol. 70(2):752-757.
Khan, M.A.; Weary, D.M.; Von Keyserlingk, M.A.G. 2011. Invited review: effects of milk
ration on solid feed intake, weaning, and performance in dairy heifers. J. Dairy Sci. 2011,
94, 1071.
Kirsten, T.B.; Cabral, D.; Galvão, M.C.; Monteiro, R.; Bondan, E.F.; Bernardi, M.M.
2020.. Zinc, but not paracetamol, prevents depressive-like behavior and sickness behavior,
and inhibits interferon-gamma and astrogliosis in rats. Brain Behav. Immun. 87: 489-497.
Knauer, W. A., S. M. Glikelihooden, A. Dietrich, and R. E. James. 2017. The association
between daily average feeding behaviors and morbidity in automatically fed group-housed
preweaned dairy calves. J. Dairy Sci. 100(7):5642-5652.
Knowlton, K. and M. von Keyserlingk. 2018. 510 To treat or not to treat: Public attitudes
on the therapeutic use of antibiotics in the dairy industry. J. Anim. Sci. 96(suppl3):502503.
Kung, L., S. Demarco, L. N. Siebenson, E. Joyner, G. F. W. Haenlein, and R. M. Morris.
1997. An Evaluation of Two Management Systems for Rearing Calves Fed Milk
Replacer1. J. Dairy Sci. 80(10):2529-2533.
Langford, F. M., D. M. Weary, and L. Fisher. 2003. Antibiotic Resistance in Gut Bacteria
from Dairy Calves: A Dose Response to the Level of Antibiotics Fed in Milk. J. Dairy Sci.
86(12):3963-3966.
Lee, A., M. C. F. Pontin, E. Kosmerl, R. Jimenez-Flores, D. B. Moretti, and O.
Ziouzenkova. 2019. Assessment of adipogenic, antioxidant, and anti-inflammatory
properties of whole and whey bovine colostrum. J. Dairy Sci. 102(10):8614-8621.
180

Lhermie, G., P.-L. Toutain, F. El Garch, A. Bousquet-Mélou, and S. Assié. 2017.
Implementing precision antimicrobial therapy for the treatment of bovine respiratory
disease: Current limitations and perspectives. Front. Vet. Sci. 4:143-143.
Love, W. J., T. W. Lehenbauer, A. L. Van Eenennaam, C. M. Drake, P. H. Kass, T. B.
Farver, and S. S. Aly. 2016. Sensitivity and specificity of on-farm scoring systems and
nasal culture to detect bovine respiratory disease complex in preweaned dairy calves. J.
Vet. Diagnostic Invest. 28(2):119-128.
Lowe, G., M. Sutherland, J. Waas, A. Schaefer, N. Cox, and M. Stewart. 2019a. Infrared
Thermography-A Non-Invasive Method of Measuring Respiration Rate in Calves. Animals
9(8):535.
Lowe, G. L., M. A. Sutherland, J. R. Waas, A. L. Schaefer, N. R. Cox, and M. Stewart.
2019b. Physiological and behavioral responses as indicators for early disease detection in
dairy calves. J. Dairy Sci. 102(6):5389-5402.
Luu, J., J. F. Johnsen, A. M. d. Passillé, and J. Rushen. 2013. Which measures of
acceleration best estimate the duration of locomotor play by dairy calves? Appl. Anim.
Behav. Sci. 148(1):21-27.
Lysnyansky, I. and R. D. Ayling. 2016. Mycoplasma bovis: Mechanisms of Resistance and
Trends in Antimicrobial Susceptibility. Front. Microbiol. 7:595.
Ma, T., C. Villot, D. Renaud, A. Skidmore, E. Chevaux, M. Steele, and L. L. Guan. 2020.
Linking perturbations to temporal changes in diversity, stability, and compositions of
neonatal calf gut microbiota: prediction of diarrhea. ISME J. 14(9):2223-2235.
Mahendran, S. A., D. C. Wathes, R. E. Booth, and N. Blackie. 2021. The Health and
Behavioural Effects of Individual versus Pair Housing of Calves at Different Ages on a
UK Commercial Dairy Farm. Animals 11(3):612.
Marcé, C., R. Guatteo, N. Bareille, and C. Fourichon. 2010. Dairy calf housing systems
across Europe and risk for calf infectious diseases. Animal. 4(9):1588-1596.
McGuirk, S. M. and S. F. Peek. 2014. Timely diagnosis of dairy calf respiratory disease
using a standardized scoring system. Anim. Health. Res. Rev. 15(2):145.
Medrano-Galarza, C., S. J. Leblanc, T. J. Devries, A. Jones-Bitton, J. Rushen, A. Marie de
Passillé, and D. B. Haley. 2017. A survey of dairy calf management practices among farms
using manual and automated milk feeding systems in Canada. J. Dairy Sci. 100(8):68726884.
Mee, J. F. 2008. Newborn Dairy Calf Management. Veterinary Clinics of North America:
Food Anim. Pract. 24(1):1-17.
181

Meganck, V., G. Hoflack, and G. Opsomer. 2014. Advances in prevention and therapy of
neonatal dairy calf diarrhoea : a systematical review with emphasis on colostrum
management and fluid therapy. Acta Vet. Scand. 56(1).
Mellor, D. J. 2016. Updating Animal Welfare Thinking: Moving beyond the “Five
Freedoms” towards “A Life Worth Living”. Animals. 6(3):21.
Menchetti, L., G. Curone, I. Filipescu, O. Barbato, L. Leonardi, G. Guelfi, G. Traina, P.
Casagrande-Proietti, F. Riva, A. Casano, F. Piro, D. Vigo, A. Quattrone, and G. Brecchia.
2020. The Prophylactic Use of Bovine Colostrum in a Murine Model of TNBS-Induced
Colitis. Animals 10(3):492.
Mohler, V. L., M. M. Izzo, and J. K. House. 2009. Salmonella in Calves. Veterinary Clinics
of North America: Food Anim. Pract. 25(1):37-54.
Morrison, J., D. L. Renaud, K. J. Churchill, J. H. C. Costa, M. A. Steele, and C. B. Winder.
2021. Predicting morbidity and mortality using automated milk feeders: A scoping review.
J Dairy Sci.104(6) 7177-7194.
Nasri, H., A. Baradaran, H. Shirzad, and M. Rafieian-Kopaei. 2014. New concepts in
nutraceuticals as alternative for pharmaceuticals. Int. J. Prev. Med. 5(12):1487-1499.
Neave, H.W., J. Lomb, D.M. Weary, S.J. LeBlanc, J.M. Huzzey, M.A.G. von Keyserlingk.
2018, a. Behavioral changes before metritis diagnosis in dairy cows. J. Dairy Sci. 101(5):
4388-4399.
Neave, H. W., J. H. C. Costa, D. M. Weary, and M. A. G. von Keyserlingk. 2018, b.
Personality is associated with feeding behavior and performance in dairy calves. J. Dairy
Sci. 101(8):7437-7449.
Neave, H. W., J. H. Costa, J. Benetton, D. M. Weary, and M. A. von Keyserlingk. 2019.
Individual characteristics in early life relate to variability in weaning age, feeding behavior,
and weight gain of dairy calves automatically weaned based on solid feed intake. J. Dairy
Sci.102(11):10250-10265.
Neave, H. W., Weary, D. M. & von Keyserlingk, M. A. G. 2020. Review: Individual
variability in feeding behaviour of domesticated ruminants. Animal 12, s419-s430.
Oliver, J. P., C. A. Gooch, S. Lansing, J. Schueler, J. J. Hurst, L. Sassoubre, E. M.
Crossette, and D. S. Aga. 2020. Invited review: Fate of antibiotic residues, antibioticresistant bacteria, and antibiotic resistance genes in US dairy manure management systems.
J. Dairy Sci. 103(2):1051-1071.

182

Ollivett, T. L. 2020. How Does Housing Influence Bovine Respiratory Disease in Dairy
and Veal Calves? The Veterinary clinics of North America. Food Anim. Pract.36(2):385398.
Palczynski, L. J., E. C. L. Bleach, M. L. Brennan, and P. A. Robinson. 2020. Appropriate
Dairy Calf Feeding from Birth to Weaning: “It’s an Investment for the Future”. Animals.
10(1):116.
Pardon, B., J. Alliët, R. Boone, S. Roelandt, B. Valgaeren, and P. Deprez. 2015. Prediction
of respiratory disease and diarrhea in veal calves based on immunoglobulin levels and the
serostatus for respiratory pathogens measured at arrival. Prev. Vet. Med.120(2):169-176.
Pardon, B. and S. Buczinski. 2020. Bovine Respiratory Disease Diagnosis: What Progress
Has Been Made in Infectious Diagnosis? The Veterinary clinics of North America. Food
Anim. Pract. 36(2):425-444.
Pardon, B., M. Hostens, L. Duchateau, J. Dewulf, K. De Bleecker, and P. Deprez. 2013.
Impact of respiratory disease, diarrhea, otitis and arthritis on mortality and carcass traits in
white veal calves. BMC Vet. Res. 9(1):79.
Patel, K. and R. Rana. 2006. Pedimune in recurrent respiratory infection and diarrhoea—
the Indian experience—the pride study. Ind. J. Ped. 73(7):585-591.
Raabis, S. M., A. E. Quick, J. H. Skarlupka, G. Suen, and T. L. Ollivett. 2021. The
nasopharyngeal microbiota of preweaned dairy calves with and without ultrasonographic
lung lesions.J. Dairy Sci. 104(3):3386-3402.
Raboisson, D., P. Trillat, and C. Cahuzac. 2016. Failure of Passive Immune Transfer in
Calves: A Meta-Analysis on the Consequences and Assessment of the Economic Impact.
PloS one 11(3):e0150452-e0150452.
Radostits, O. M., Gay, C. C., Hinchcliff, K. W. & Constable, P. D. 2006. Veterinary
Medicine E-Book: A textbook of the diseases of cattle, horses, sheep, pigs and goats.
Elsevier Health Sci.
Ramos, A.A. 2005. Rapid Determination of Oil/Fat Utilizing High Temperature Solvent
Extraction. American Oil Chemists Society (AOCS). Academia. Am-504.

Renaud, D. L., L. Buss, J. N. Wilms, and M. A. Steele. 2020. Technical note: Is fecal
consistency scoring an accurate measure of fecal dry matter in dairy calves? J. Dairy Sci.
103(11):10709-10714.
Renaud, D. L., D. F. Kelton, J. S. Weese, C. Noble, and T. F. Duffield. 2019. Evaluation
of a multispecies probiotic as a supportive treatment for diarrhea in dairy calves: A
randomized clinical trial. J. Dairy Sci. 102(5):4498-4505.
183

Reynolds, M. A., M. R. Borchers, J. A. Davidson, C. M. Bradley, and J. M. Bewley. 2019.
Technical note: An evaluation of technology-recorded rumination and feeding behaviors
in dairy heifers. J. Dairy Sci. 102(7):6555-6558.
Robert, B., B. J. White, D. G. Renter, and R. L. Larson. 2009. Evaluation of threedimensional accelerometers to monitor and classify behavior patterns in cattle. Comp.
Elect. Ag. 67(1):80-84.
Rodrigues, J. P. P., L. G. R. Pereira, H. d. C. Diniz Neto, M. C. Lombardi, C. F. d. A. Lage,
S. G. Coelho, J. P. Sacramento, F. S. Machado, T. R. Tomich, R. M. Maurício, and M. M.
Campos. 2019. Technical note: Evaluation of an automatic system for monitoring
rumination time in weaning calves. Livestock Sci. 219:86-90.
Roland, L., L. Lidauer, G. Sattlecker, F. Kickinger, W. Auer, V. Sturm, D. Efrosinin, M.
Drillich, and M. Iwersen. 2018a. Monitoring drinking behavior in bucket-fed dairy calves
using an ear-attached tri-axial accelerometer: A pilot study. Comp. Elect. Ag. 145:298301.
Roland, L., V. Schweinzer, P. Kanz, G. Sattlecker, F. Kickinger, L. Lidauer, A. Berger, W.
Auer, J. Mayer, V. Sturm, D. Efrosinin, S. Breitenberger, M. Drillich, and M. Iwersen.
2018b. Technical note: Evaluation of a triaxial accelerometer for monitoring selected
behaviors in dairy calves. J Dairy Sci.101(11):10421-10427.
Rooney, K. A., R. G. Nutsch, T. L. Skogerboe, D. J. Weigel, K. Gajewski, and W. R.
Kilgore. 2005. Efficacy of tulathromycin compared with tilmicosin and florfenicol for the
control of respiratory disease in cattle at high risk of developing bovine respiratory disease.
Vet. Therapeut. 6(2):154.
Rosenberger, K., J. H. C. Costa, H. W. Neave, M. A. G. von Keyserlingk, and D. M. Weary.
2017. The effect of milk allowance on behavior and weight gains in dairy calves. J. Dairy
Sci.100 (1):504-512.
Sahar, M. W., A. Beaver, M. A. G. von Keyserlingk, and D. M. Weary. 2020. Predicting
Disease in Transition Dairy Cattle Based on Behaviors Measured Before Calving. Animals
10(6):928.
Sargeant, J. 2016. Methods and processes of developing the Strengthening the Reporting
of Observational Studies in Epidemiology–Veterinary (STROBE‐Vet) statement. J. Vet.
Int. Med. 30: 1887-1895.
Satyaraj, E., A. Reynolds, R. Pelker, J. Labuda, P. Zhang, and P. Sun. 2013.
Supplementation of diets with bovine colostrum influences immune function in dogs. The
Brit. J. Nut. 110(12):2216-2221.

184

Sepúlveda-Varas, P.; Weary, D.M.; von Keyserlingk, M.A.G 2014.. Lying behavior and
postpartum health status in grazing dairy cows. J. Dairy Sci. 2014, 97, 6334-6343,
doi:https://doi.org/10.3168/jds.2014-8357.
Shivley, C. B., J. E. Lombard, N. J. Urie, D. M. Haines, R. Sargent, C. A. Kopral, T. J.
Earleywine, J. D. Olson, and F. B. Garry. 2018a. Preweaned heifer management on US
dairy operations: Part II. Factors associated with colostrum quality and passive transfer
status of dairy heifer calves. J. Dairy Sci. 101(10):9185-9198.
Shivley, C. B., J. E. Lombard, N. J. Urie, C. A. Kopral, M. Santin, T. J. Earleywine, J. D.
Olson, and F. B. Garry. 2018b. Preweaned heifer management on US dairy operations: Part
VI. Factors associated with average daily gain in preweaned dairy heifer calves. J. Dairy
Sci. 101(10) 9245-9258
Silper, B., I. Robles, A. Madureira, T. Burnett, M. Reis, A. de Passillé, J. Rushen, and R.
Cerri. 2015. Automated and visual measurements of estrous behavior and their sourelative
changees of variation in Holstein heifers. I: Walking activity and behavior frequency.
Theriogenol. 84(2):312-320.
Skogerboe, T. L., K. Rooney, R. Nutsch, K. Dweigel, K Gajewsk and R. Kilgore. 2005.
Comparative efficacy of tulathromycin versus florfenicol and tilmicosin against
undifferentiated bovine respiratory disease in feedlot cattle. Vet. Ther. 6: 180-196 .
Smith, G. 2015. Antimicrobial decision making for enteric diseases of cattle. The
Veterinary clinics of North America. Food Anim. Pract. 31(1):47-v.
Smith, R. A., D. L. Step, and A. R. Woolums. 2020. Bovine Respiratory Disease: Looking
Back and Looking Forward, What Do We See? Veterinary Clinics of North America: Food
Anim. Pract. 36(2):239-251.
Stański, K., S. Lycett, T. Porphyre, and B. M. d. C. Bronsvoort. 2021. Using machine
learning improves predictions of herd-level bovine tuberculosis breakdowns in Great
Britain. Sci. Rep.11(1):2208.
Stenkamp-Strahm, C., J. E. Lombard, R. J. Magnuson, L. M. Linke, S. Magzamen, N. J.
Urie, C. B. Shivley, and C. S. McConnel. 2018. Preweaned heifer management on US dairy
operations: Part IV. Factors associated with the presence of Escherichia coli O157 in
preweaned dairy heifers. J. Dairy Sci. 101(10):9214-9228.
Studds, M. J., L. L. Deikun, D. E. Sorter, J. A. Pempek, and K. L. Proudfoot. 2018. Short
communication: The effect of diarrhea and navel inflammation on the lying behavior of
veal calves. J. Dairy Sci. 101(12):11251-11255.
Surendra, K. C., R. Ogoshi, H. M. Zaleski, A. G. Hashimoto, and S. K. Khanal. 2018. High
yielding tropical energy crops for bioenergy production: Effects of plant components,
harvest years and locations on biomass composition. Biores. Technol. 251:218-229.

185

Sutherland, M. A., G. L. Lowe, F. J. Huddart, J. R. Waas, and M. Stewart. 2018.
Measurement of dairy calf behavior prior to onset of clinical disease and in response to
disbudding using automated calf feeders and accelerometers. J. Dairy Sci.101(9):82088216.
Svensson, C. and M. B. Jensen. 2007. Short Communication: Identification of Diseased
Calves by Use of Data from Automatic Milk Feeders. J. Dairy Sci. 90(2):994-997.
Svensson, C. and P. Liberg. 2006. The effect of group size on health and growth rate of
Swedish dairy calves housed in pens with automatic milk-feeders. Prev. Vet. Med.
73(1):43-53.
Swartz, T. H., A. N. Findlay, and C. S. Petersson-Wolfe. 2017. Short communication:
Automated detection of behavioral changes from respiratory disease in pre-weaned calves.
J. Dairy Sci. 100(11):9273-9278.
Swartz, T. H., M. L. McGilliard, and C. S. Petersson-Wolfe. 2016. Technical note: The use
of an accelerometer for measuring step activity and lying behaviors in dairy calves. J. Dairy
Sci. 99(11):9109-9113.
Swartz, T. H., H. H. Schramm, and C. S. Petersson-Wolfe. 2020. Short Communication:
Association between neonatal calf diarrhea and lying behaviors. Vet. Anim. Sci.:100111.
Taylor, J. D., M. Rodenburg, and T. A. Snider. 2017. Comparison of a commercially
available oral nutritional supplement and intravenous fluid therapy for dehydration in dairy
calves. J. Dairy Sci. 100(6):4839-4846.
Teixeira, A. G. V., J. A. A. McArt, and R. C. Bicalho. 2017. Thoracic ultrasound
assessment of lung consolidation at weaning in Holstein dairy heifers: Reproductive
performance and survival. J. Dairy Sci. 100(4):2985-2991.
Toaff-Rosenstein, R. L., L. J. Gershwin, A. J. Zanella, and C. B. Tucker. 2016. The
sickness response in steers with induced bovine respiratory disease before and after
treatment with a non-steroidal anti-inflammatory drug. Appl. Anim. Behav. Sci. 181:4962.
Thomas, A.; Dizier, I.; Trolin, A.; Mainil, J.; Linden, A.; Ball, H.; Bell, C. 2002. Isolation
of mycoplasma species from the lower respiratory tract of healthy cattle and cattle with
respiratory disease in Belgium. Vet. Rec. 151: 472-476.
Tlikelihood, C.G.; Millman, S.T.; McKnight, D.R.; Duffield, T.F.; Leslie, K.E. 2010.
Nonsteroidal anti-inflammatory drug therapy for neonatal calf diarrhea complex: Effects
on calf performance. J. Anim. Sci. 88: 2019-2028

186

Trefz, F. M., A. Lorch, M. Feist, C. Sauter-Louis, and I. Lorenz. 2012. Construction and
validation of a decision tree for treating metabolic acidosis in calves with neonatal diarrhea.
BMC Vet. Res. 8(1):238.
Trénel, P., M. B. Jensen, E. L. Decker, and F. Skjøth. 2009. Technical note: Quantifying
and characterizing behavior in dairy calves using the IceTag automatic recording device.
J. Dairy Sci. 92(7):3397-3401.
Tzipori, S. 1983. Cryptosporidiosis in animals and humans. Microbiology and Molecular
Biol. Rev. 47(1):84.
Urie, N. J., J. E. Lombard, C. B. Shivley, C. A. Kopral, A. E. Adams, T. J. Earleywine, J.
D. Olson, and F. B. Garry. 2018. Preweaned heifer management on US dairy operations:
Part V. Factors associated with morbidity and mortality in preweaned dairy heifer calves.
J. Dairy Sci. 101(10):9229-9244.
USDA. 2018. Health and Management Practices on U.S. Dairy Operations. USDAAPHIS-VS, ed. National Animal Health Monitoring System, Fort Collins, CO.
Vasseur, E., F. Borderas, R. I. Cue, D. Lefebvre, D. Pellerin, J. Rushen, K. M. Wade, and
A. M. de Passillé. 2010. A survey of dairy calf management practices in Canada that affect
animal welfare. J. Dairy Sci. 93(3):1307-1316.
Welboren, A., L. Leal, M. Steele, A. Khan, and J. Martín-Tereso. 2018. Late-Breaking:
Weaning of ad libitum fed dairy calves with automated feeders using fixed and individual
methods. J. Anim. Sci. 96:449-449.
Welling, V., N. Lundeheim, and B. Bengtsson. 2020. A Pilot Study in Sweden on Efficacy
of Benzylpenicillin, Oxytetracycline, and Florfenicol in Treatment of Acute
Undifferentiated Respiratory Disease in Calves. Antibio.. 9(11):736.
Wemette, M., A. Greiner Safi, A. K. Wolverton, W. Beauvais, M. Shapiro, P. Moroni, F.
L. Welcome, and R. Ivanek. 2021. Public perceptions of antibiotic use on dairy farms in
the United States. J. Dairy Sci. 104(3):2807-2821.
Wiles, P. G., I. K. Gray, R. C. Kissling, and Collaborators:. 2020. Routine Analysis of
Proteins by Kjeldahl and Dumas Methods: Review and Interlaboratory Study Using Dairy
Products. J. AOAC Int. 81(3):620-632.
Windeyer, M., K. Leslie, S. M. Glikelihooden, D. Hodgins, K. Lissemore, and S. LeBlanc.
2014. Factors associated with morbidity, mortality, and growth of dairy heifer calves up to
3 months of age. Prev. Vet. Med. 113(2):231-240.
Wisnieski, L., B. Norby, S. Pierce, T. Becker, J. Gandy, and L. Sordillo. 2019. Cohortlevel disease prediction by extrapolation of individual-level predictions in transition dairy
cattle. Prev. Vet. Med. 169:104692.
187

Zhang, H. M. 2019. Amelioration of Decline in Immune Function in Athletes after HighIntensity Training by Bovine Colostrum. Current Topics In Nutraceutical Research
17(2):219-222.

188

VITA
1. Education
a. Chaparral High School, Temecula California, 2003-2006
b. Mt. San Jacinto College, Menifee, CA, 2007-2009
Degree awarded: NA.
c. University of Kentucky, Lexington, KY, 2009-2011
Degree awarded: Bachelor of Science, Animal Science
d. University of Wisconsin-Madison, Madison, WI, 2013-2015
Degree awarded: Master of Science, Dairy Science
2. Professional positions
Shift Supervisor, Starbucks, 2009-2015
Dairy Herd Improvement Technician, Agsource Dairy, 2015-2017
3. Scholastic and professional honors
Three-minute thesis, University of Kentucky
Third Place, and People’s Choice
Intercollegiate Animal Welfare Judging Assessment
Multiple placings 2014, 2018, 2019
Invited Speaker at the Dairy Cattle Welfare Council, 2019

4. Professional publications

a. Cantor, M.C., D.L. Renaud, and J.H.C. Costa. Nutraceutical intervention with
colostrum replacer: can we reduce disease hazard, ameliorate disease severity, and
improve performance in preweaned dairy calves? J. Dairy Sci.; 104(6):7168-7176.
189

b. Reis, M.E., A. Toledo, A.P. da Silva, M. Poczynek, E. Fioruci, M.C. Cantor, L.
Greco, and C.M.M. Bittar. Supplementation of Lysolecithin in milk replacer for
Holstein dairy calves: effects on growth performance, health, and metabolites. J.
Dairy Sci. 104(5): 5457-5466.
c. Woodrum Setser, M. M., M. C. Cantor, and J. H. C. Costa. 2020. A
comprehensive evaluation of microchips to measure temperature in dairy calves. J
Dairy Sci. 103(10):9290-9300.
d. Costa, J. H. C., M. C. Cantor, and H. W. Neave. 2020. Symposium review:
Precision technologies for dairy calves and management applications. J. Dairy
Sci. 104(1): 1203-1210.
e. Cantor, M. C., C. H. Pertuisel. and J.H.C. Costa. 2020. TECHNICAL NOTE:
Validation of a partial weight scale attached to an automated feeder for estimating
daily weight in dairy calves. J. Dairy Sci. 103(2):1914-1919.
f. Costa, J.H.C., M. C. Cantor, N.A. Adderley, and H.W. Neave. 2019. Key
animal welfare issues in commercially raised dairy calves: social environment,
nutrition, and painful procedures. Can. J. Anim. Sci. 99(4):649-660 (2019).
g. Cantor, M. C., J.H.C. Costa, and H.W. Neave. 2019. Current perspectives on the
short- and long-term effects of conventional dairy calf raising systems: a
comparison with the natural environment. Transl. Anim. Sci. 3(1): 549-563.
h. Cantor, M. C., A.L. Stanton, D.K. Combs, and J.H.C. Costa. 2019. Effect of milk
feeding strategy and lactic acid probiotics on growth and behavior of dairy calves
fed using an automated feeding system. J. Anim. Sci. 97(3):1052-1065.
i. Cantor, M.C., J.H.C. Costa, and J.M. Bewley. 2018. Impact of Observed and
Controlled Water Intake on Reticulorumen Temperature in Lactating Dairy Cattle.
Animals. 8(11):194.
j. Falk, M.L., M.C. Cantor, M. Hayes, J. Jackson, and J.H.C. Costa. 2018.
Validation of radio frequency identification with a current transducer to quantify
the use of an automatic grooming brush in pre-weaned dairy calves. In: 10th
International Livestock Symposium (ILES X). (p. 1). Am. Soci. Ag. Biol. Eng.
k. Costa, J. H. C., M. C. Cantor, and H. W. Neave. 2018a. Bovine Diet.
Encyclopedia of Animal Cognition and Behavior. J. Vonk and T. Shackelford, ed.
Springer International Publishing, Cham.1-6.
l. Costa, J. H. C., M. C. Cantor, and H. W. Neave. 2018b. Bovine Life History.
Encyclopedia of Animal Cognition and Behavior. J. Vonk and T. Shackelford, ed.
Springer International Publishing, Cham. 1-5.

190

Extension Articles
a. Rice, E.M., M.C. Cantor, M.M. Woodrum Setser and J.H.C. Costa. From birth to
weaning: a calf care guide. A poster published on behalf of: Kentucky Dairy
Development Council. March 2021.
b. Costa, J.H.C., M.C. Cantor, H.W. Neave and M.E. Reis. Duas cabeças pensam
melhor que uma! Por que adotar o sistema de alojamento de bezerras em pares.
Leite Integral. October 2020.
c. Cantor, M.C., H.W. Neave and J.H.C. Costa. Effectively raising pair housed
calves: common questions from transitioning farmers. Progressive Dairy.
September, 2020.
d. Costa, J.H.C., M.C. Cantor, H.W. Neave and M.E. Reis. Making the transition to
pair-housed calves: two heads are better than one. Progressive Dairy. May, 2020.
e. Cantor, M.C., K. Creutzinger, A. Lee, and P. Krawczel. Catching up on behavior
one birth at a time. Hoard’s Dairyman. January, 2020.
f. Costa, J.H.C., H.W. Neave and M.C. Cantor. What you need to know before, during
and after transitioning to group housing of dairy calves: key considerations.
Western Canadian Dairy Seminar. University of Alberta, 2018.

Melissa Cantor

191

